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The objective of this research was to explore vibratory drum interaction with
layered soil. Field soil stiffuess values from force-displacement loops measured during
vibratory compaction on layered systems were compared to those computed using
boundary element methods, equivalent linear and iterative equivalent linear dynamic
finite element analysis procedures. Previous research and practical experience have
demonstrated that vibratory roller-measured data can be effectively used to continuously
measure a global elastic stiffness of the soil. However, to take advantage of these
technological advancements, the resultant force-deflection loops must be appropriately
analyzed to determine their relationships to the stiffness properties of the individual
subbase and subgrade materials.
Methods to separate the contributions of the individual layers and to determine
their unique dynamic mechanical properties from these overall composite measurements
have not been established. Additionally, it is unclear as to whether or not commonly
used pseudo-static interpretations of the drum-soil interaction are sufficient for evaluating
soil stiffness properties. The dynamic mechanical properties of inertia and intrinsic
damping as well as the overall foundation system's radiation damping effects may
significantly influence the roller-measured data. Toward this end, this study compares
experimentally measured roller data to boundary elements and finite element simulations
of the homogenous and layered soil foundations, using both full dynamic analysis
procedures and simplified pseudo-static methods. Soil constitutive models include
equivalent linear and iterative equivalent linear elasticity, incorporating shear modulus
reduction and increase in damping ratio with strain.
It is found that the contribution of the underlying subgrade exceeds the
contribution of the top layers in common configurations used in earthwork. The contact
width profiles obtained from stiff soils match closely those predicted by Hertzian contact
theory. The differences between the dynamic and pseudo-static analyses are significant
and decrease at higher soil stiffuess. The stiffuess values predicted vary widely between
the linear and nonlinear approximation with the differences becoming significant for soft
media. Within the stated assumptions, the study shows that the dynamic analyses more
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The research goal is to investigate numerically and experimentally the interaction
of a vibratory drum with layered elastic media. Contact between a rolling cylinder and
layered media is encountered in many applications and has been studied widely.
Engineering applications include a cylinder pressing onto surfaces bonded to a substrate
(e.g., Meijers 1968, Gupta and Walowit 1974, Lovell 1998), rail/wheel contact (e.g., Pau
2003), layered composites (e.g., Ma and Korkunsky 2004), and roller bearing contact
(e.g., Johnson 1987). In construction engineering, a typical application involves vibratory
rolling to compact soil. Owing to recent advances in onboard computing and the desire to
improve construction quality, vibration monitoring based continuous compaction control
(CCC) is increasingly being used to assess the stiffuess of constructed earth structures for
quality control/quality assurance (QC/QA) purposes (e.g., Anderegg and Kaufman 2004,
Rinehart and Mooney 2007, Facas et al. 2010).
'In order for the stiffuess-measuring roller to be a truly useful measurement tool, it
IS important to have a clear understanding of the meaning of the stiffuess values
measured by vibratory rollers. This is particularly important for layered situations, as a
thin, stiff layer (typically a base course) overlying a softer layer (e.g., the subgrade) is a
commonly encountered situation in typical earthwork compaction operations. The
research aims to highlight and quantify the importance of the individual stiffuess




The general problem of a rigid body pressing a system of layered media has been
studied widely, particularly in the advancement of knowledge in the characterization of
the stress, strain, and displacement fields in the substrate/subgrade as well as in the
overlaying layers (coating/base course) (e.g., Burmister 1943, Barovich et al 1964,
Meijers 1968, Chen 1971, Gupta and Walowit 1974, Kausel et al. 1975, Choi and
Thangjitham 1991, Wang and Rajapakse 1994, Lovell 1998, Schwarzer 2000, Nikas and
Sayles 2008). However, less emphasis has been placed on computing the composite
stiffuess defined by surface force-deflection data, which is of particular relevance when
considering CCC for earthwork QC/QA. King (1987) and Gao and Wu (1993) examined
the computation of elastic properties of layered media using indentation techniques.
However, the results in these studies were obtained using a fixed indenting force, and are
only valid when the contact area of the indenting body is close to a circle and for small
fluctuations of elastic constants from layer to layer. This model is therefore not applicable
to CCC operations, as the narrow rectangular shape of the contact area induced by a roller
drum is significantly different from a circle, and the elastic modulus ratios between
typical soil layers can vary up to about 10 for soil and 100 for asphalt. Furthermore, in
solving the cylinder/multilayer layer contact problems, no consensus has been found
regarding the most appropriate form for the nonlinear contact stress distribution (e.g.,
parabolic vs. elliptic vs. uniform, see Nikas and Sayles 2008). Due to these issues, there
is need for further research regarding the problem of a soil compaction roller operating on
layered soil.
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Within the civil engmeenng community, numerous aspects of roller/soil
interaction and roller-measured stiffness have been investigated and documented. These
aspects include roller modeling to capture essential vibration modes (e.g., Y00 and Selig
1979, Adam 1996, Anderegg and Kaufman 2004, Mooney & Rinehart 2007, van Susante
and Mooney 2008) and extracting soil properties from vibratory roller response for use in
the assessment of earthwork compaction (e.g., Krober et al. 200 I, Anderegg 1998,
Mooney and Rinehart 2007, Mooney and Rinehart 2009). For vertically homogeneous
conditions, it has been shown that 12-15 ton vibratory rollers (with 1.5 m drum diameter
and 2.1 m drum length) typically measure soil stiffness to depths of 0.9-1.2 m (Rinehart
and Mooney, 2009b). Therefore, in the commonly observed layered situations, e.g., a 0.2
- 0.3 m stiffer base course overlying subgrade, the resulting roller-measured stiffness
reflects a composite measurement of both layers' properties. QC/QA is traditionally :
based on the evaluation of the current layer; therefore, the contribution of the top layer to
the total composite stiffness and the factors affecting the sensitivity of the roller to the top
layer, the influence of dynamic analysis techniques versus more. commonly utilized
pseudo-static procedures, and the influence of soil nonlinearity upon the resultant
measurements are important to characterize if the instrumented roller is to become a valid
QC/QA tool.
1.2 Objectives of Research
This research is a combination of experimental and numerical characterizations of
dynamic contact on a layered elastic medium for earthwork compaction purposes. The
first objective is to experimentally characterize the interaction between a drum and a
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layered soil foundation caused by a vibratory load. The experimental work includes the
collection of field data to determine the influence of layered soil characteristics on roller
drum measured stiffness properties and in-situ stress/strain data. The questions addressed
in this portion of the research include the ability for rollers to measure stiffuess of thin
layers and factors controlling roller based Measurement Values (MY) in a layered soil
environment. Contact width profile has also been measured on several soil
configurations.
The second objective seeks to numerically investigate and characterize the
frictionless interaction of a vibratory drum on layered elastic media using a pseudo-static
analysis. The study is performed by using a combination of a bi-layer boundary element
method (BEM) model (Berger, 1995) coupled with a 3 degree of freedom (DOF) lumped
parameter model (van Susante and Mooney, 2008) to account for the roller dynamics. An
iterative procedure is developed to equilibrate the appropriate drum/soil contact force and
contact area with the stiffuess of the layered media. These three factors are nonlinearly
related. The combined model is then used to investigate the relationship between roller
measured stiffuess and layered elastic properties, including the relative contribution of
the upper layer to the roller-measured composite stiffness. This part of the research
discusses the factors that influence the upper layer's contribution to the composite
stiffness, and shows under. what conditions the roller-measured stiffuess is insensitive to
the top layer.
A third objective alms to better understand drum/soil contact width. One
challenge when modeling the roller-soil system is the lack of understanding surrounding
the contact width and the pressure distribution between the drum and the layered soil.
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Two general approaches have been used in the literature to study the contact mechanics:
the boundary integral methods which assume a known contact pressure distribution (e.g.
Gupta and Walowit 1974) and the finite element method which makes no assumption on
the pressure distribution (e.g., Nikas and Sayles, 2008). To the authors' knowledge, there
are no published results regarding measurement or evaluation of drum/soil contact width.
Further, the literature has not addressed how the contact width influences rolJer-measured
stiffness, particularly in layered situations (e.g., base over subgrade). To further
complicate the problem, the contact force between the drum and the soil (and therefore
the contact width) varies with soil layer properties and rolJer operating parameters (Yoo
and Selig, 1979; van Susante and Mooney, 2008). To further the understanding of contact
width, the developed iterative approach combining a boundary element method (BEM)
modeling tool with the geometry of rolJer-soi1 contact described earlier has been applied
to predict contact width for given layer properties and contact force. Comparisons to
Hertzian contact theory as welJ as field measurements are made and the differences are
discussed.
A fourth objective alms to explore the influence of soil inertia and energy
dissipation on drum interaction with layered media through the use of dynamic analysis
procedures in finite element analysis (FEA). The BEM study yields considerable insight
into the sensitivity of rolJer based stiffness to layer properties such as the elastic modulus
of the subgrade, the ratios of layer moduli and the top layer thickness. However, the
pseudo-static approach assumes isotropic linear elastic layer behavior and ignores the
influence of dynamic effects from inertia and energy dissipation. Previous research has
shown that during vibratory rolJer loading, the soil exhibits nonlinear behavior (Rinehart
5
et al. 2009c), and energy dissipation is significant (e.g., radiation and material damping
(Mooney & Rinehart 2007). To account for the complexity of the parameters involved in
the roller-soil interactions, a numerical approach using Finite Element Analysis (FEA)
has been developed. FEA has been used extensively in contact problems as no
assumptions are made on pressure distribution and contact area (Lovell 1998, Nikas and
Sayles 2008) and complex constitutive models including damping can be accommodated.
To achieve this objective, a FE model of vibratory roller/layered soil interaction was
created using the commercial FEA code Abaqus (Abaqus V9.2). Key model parameters
such as element size, mesh size and geometry, and boundary conditions are discussed.
The model response is tuned with experimental results collected during field testing with
an instrumented vibratory roller operated on various layered soil conditions. The
relationship between roller response, i.e., contact force, soil vertical deflection and
corresponding roller measured stiffness, and layered soil conditions are explored via
FEA. The results presented have shed significant light on the sensitivity of layer moduli
and thickness on roller measured stiffness and also the influence of dynamics.
The fifth objective extends the FEA by incorporating an iterative equivalent linear
model to approximate the nonlinear shear modulus reduction and the variation of
damping ratio with shear strain. Shear modulus reduction with strain has been extensively
used in soil under dynamic loading (e.g., Seed et al. 1984, Elgamal et al. 2005, Mott and
Wang, 2010). Soil response using shear modulus reduction has mostly been performed in
frequency domain and later converted in time domain (e.g., Mott and Wang 2010). The
main goal pursued in this part is to assess the influence of nonlinearity on the soil
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response as measured by the vibratory roller in time domain by usmg an iterative,
equivalent linear methodology to approximate the full nonlinear behavior.
1.3 Overview of Document
Chapter one serves to introduce the motivation for and objectives of the research.
Chapter two presents the results of an experimental study characterizing the interaction
between the roller and layered soil response caused by a vibratory load. The third chapter
seeks to investigate and characterize the frictionless interaction of a roller drum on
layered elastic media in a pseudo static analysis by using a combination of a bi-layer
boundary element method (BEM) model (Berger, 1995) coupled with a 3 DOF lumped
parameter model (van Susante and Mooney, 2008) to account for the roller dynamics.
Chapter four documents the development of a FE model of vibratory roller/layered soil
interaction using the commercial FEA code ABAQUS (Abaqus V9.2). Chapter five
extends the FEA model developed in chapter 4 by incorporating a nonlinear model based
on shear modulus reduction through an iterative, equivalent linear approach. Findings and
directions for further research are sununarized in chapter six of this work. Appendices
are included in the last part of this document.
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CHAPTER 2
EXPERIMENTAL CHARACTERlZATION OF VIBRATORY DRUM
INTERACTING WITH LAYERED SOIL
Parts of these results were published in the proceedings of GeoFlorida 2010
International Conference on Advances in Analysis, Modeling and Design (Musimbi et al.
2010).
This chapter presents the results of an experimental study characterizing the
interaction between a vibratory smooth drum roller and layered soil. Testing. was
performed on two field sites. In-situ sensors were placed to measure soil stress and strain,
while instrumented rollers were used to capture drum vertical acceleration and eccentric
mass position needed to compute drum-soil contact force and drum vertical displacement.
The lightweight deflectometer and nuclear gage were also used to measure soil stiffness,
density, and moisture content.
2.1 Background
This section describes the basic equations used to determine the contact force
between the drum and the soil, the drum vertical deflection and therefore the soil
stiffuess. The soil stiffuess is used throughout the study to characterize soil properties.
2.1.1 Contact Force
A 3 DOF lumped parameter model was developed by van Susante and Mooney
(2008) to characterize the dynamic vertical kinematics of a roller, including loss of
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contact. The model is shown in Figure 2.1. The 3 DOFs are the frame, drum and soil
vertical displacements. The model is used in this study to estimate the contact force Fe
given the soil k, c and machine parameters. The contact force is obtained by the
expression:
(2.1)
F(t) = Fe" cos(QI) (2.2)
(2.3)
where m, is the soil mass, mf is the frame mass, Zf (t) is the frame vertical displacement,
kq! is the drum- frame stiffness, Cd! is the drum-frame damping coefficient, md is the
drum mass, Zd (t) is the drum vertical displacement, F(t) is the eccentric force on drum,
Fe" is the eccentric force amplitude, z, (t) is the soil vertical displacement, m.e; is the
eccentric mass moment on the drum, k is the soil stiffuess, C is the soil damping
coefficient, Q is the forcing frequency and g is the acceleration of gravity.
Figure 2.1: Three DOF lumped parameter model (after van Susante & Mooney 2008)
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2.1.2 Force-displacement loops
It is common to represent the soil response due to loading by combining the
contact force with the vertical drum displacement. The resulting hysteresis loop shown in
Figure 2.2 indicates a difference in the drum vertical displacements Zd during the
ascending and descending phases of the drum vibratory motion. Positive values of the
drum displacement Zd indicate full contact between the drum and medium while zero
values of drum vertical displacement indicate loss of contact between the drum and the
soil.
Fe
F .e,zdmax ~ ;.
F . (jjstat ,
i j zd
Zstat zd,max
Figure 2.2: Fc-z.; loops and stiffuess computation diagram
These force-displacement loops will be discussed in detail in subsequent chapters for the
validation of the finite element models.
2.1.3. Roller based Soil Stiffness
The roller measured composite dynamic soil stiffness kd is defined as
k _ Fe,=d max - FSlafd - _ _
- d .max ...stat
(2.4)
where Fe.=dmax is the contact force at the maximum drum displacement Zd.max and F,'a' is
the static force (weight) causing a static drum displacement Z"al as shown in Figure 2.2.
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This definition is consistent with that employed by roller manufacturer Ammann
(Anderegg and Kaufman, 2004).
2.2 Experimental Setup
The test beds construction, the in-ground sensor placement as well the rollers used
III the field are discussed in this section. The equipment used for the spot testing,
including the nuclear gage and the Light Weight Deflectometer is also presented.
2.2.1 Test Beds
To conduct the study, two layered tests beds were built at construction sites in
Florida (FL) and North Carolina (NC). The layered test bed in FL (Figure 2.3 Right) was
made of subgrade material (unknown thickness; assumed greater than 1 m), stabilized
subgrade material 0.30 m (12 in) thick, and four lifts of limerock (LR) base material of
0.15 m each. The stabilized subgrade soil was prepared by mixing a thin lift of ash (0.07
m) with the regular subgrade material (0.23 m). Each lift was compacted before an
additional lift of material was placed in the base layer. Instrumented roller and spot
testing (nuclear gage, LWD) was performed on all six constructed lifts. In-situ sensors
were placed in the subgrades in NC and FL and also in a base in NC.
The NC test bed (Figure 2.3 Left) included a 0.30 m thick subbase layer and a
0.60 m thick layer of crushed stone (CS) placed in four lifts. This subbase and base
structure rested atop a natural subgrade of unknown depth. The first lift of 0.20 m
crushed stone was placed and compacted on top of the subgrade. The first layer was then
scarified (loosened) and an additional 0.10 m lift of crushed stone was placed and
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compacted to form a layer of 0.30 m thick base material. A third lift of crushed stone of
0.20 m was placed and compacted. Finally, the third lift was scarified and a fourth 0.10 m
lift was added. The 0.30 m layer was then compacted. Instrumented roller testing and
spot testing was performed on all layers.
Table 2.1 summarizes the principal soil characteristics used in the field testing.
Note that the soil moisture content is provided only for reference is will not be used in the
computation. An assumption of this study is that the soil is a single phase medium and
considered dry in the computation throughout this document.
Table 2.1 Soil characteristics in FL and NC
Material ELWD Thickness Proctor Max Field
Classification (MPa) (m) Dry density moisture
(AASHTO (kN/m3) content ('Yo)
and USCS)
NC A-4, 10-36.7 18.90 5.8 -17.9
Subgrade SM
Crushed A-I-a, 42-85 0.20 21.82 0.2- 9.0
Stone (CS) SP-SM
FL A-3 32-49 0.30 15.3 8.9 - 12.1
Subgrade SP-SM
Limerock A-l-b 72-102 0.15 18.2
(LR) GW
. The sensor placement is discussed in the next subsection. The location of the
sensors both in the subgrades (NC and FL sites) and in the base (NC site only) are also
shown in Figure 2.3.
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A full description of stress and strain measurements, including installation and
calibration of sensors can be found in Rinehart and Mooney (2009a). The installation of
sensors in the soil is shown in Figure 2.4.
After installing the sensors in the FL subgrades, four additional layers of base
material were placed atop the subgrades and compacted as described in the test bed build
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Figure 2.4: Sensors installation (after Rinehart and Mooney, 2009a)
2.2.3 Rollers and spot test equipment
This section only provides a brief description of the equipment used in the field.
A complete description of the rollers and the spot testing devices used in the experimental
study can be found in Mooney et al. (2010).
2.2.3.1 Rollers
Sakai and Bomag smooth drum instrumented vibratory rollers were used at the FL
and NC sites, respectively. Table 2.1 summarizes the roller parameters used in the study.
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Stiffness kd computed from Sakai instrumented rolled data and vibration modulus E"'b
from Bomag roller were averaged along a one meter distance after each pass. The Sakai
roller was outfitted with independent instrumentation (Mooney et at. 20 I0) and the kd was
determined using the algorithm of Anderegg (1998).
2.2.3.2 Light Weight Deflectometer (LWD)
The LWD is a portable device used on most unbound materials in pavement
applications. It allows in-situ estimation of the soil modulus by measuring the deflection
underneath a falling weight. The computation of the soil elastic modulus ELWD is based
on elastic half space theory and makes assumptions on contact stress and deflection (See
e.g., Mooney and Miller 2008).
A 300 mill diameter plate Zorn LWD equipment was used in FL and a 200 mill diameter
plate Keros was used in NC.
2.2.3.3 Density Measurements
A nuclear gage (NG) was used to measure density. Details of measurement
principles and limitations of this device can be found in Mooney et al. (2008). The
density measured is related to the number of photons released by the emitter (source rod)
and captured by the receiver (receiver) after reacting with the soil mass. A higher density
soil contains a higher number of electrons that will interact with the photons from the
emitter. As a consequence, fewer photons will be captured by the receiver. A number of
limitations of the use ofNG include the required offset of 5 feet near a wall, particle size,
15
and high user costs and handling issues. A limitation of the study is that density
measurements were unreliable and could not be used to verify soil compaction.




Total 14,900 10,950Static Mass(kg)
Load 42.4 32.2at drum (kN/m)
Eccentric 0-3651 186,2453Force (kN)
Operating 28.0 37,283Frequency (Hz)
Drum Length (m) 2.130 2.134
Drum radius (m) 0.75 0.75
i 6 pre-programmed amplitude settings
2 Computed from independent, onboard instrumentation
JLow, high amplitude settings
2.3. Results and Discussions
This section discusses the field results observed including the roller stiffuess
variations, the spot tests measurements and the in-ground sensors stress and strain
measurements. The last part of the section describes contact width measurement from a
static drum on a variety of soils types.
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2.3.1. Stiffness variations
Roller-measured soil stiffuess was recorded on forward passes along the test bed
lanes. Figure 2.5 shows Evib recorded by Bomag roller on the CS 2 layer of the NC test
bed for all the passes and on the lane where the sensors were buried. The figure indicates
an increasing trend from pass to pass starting from Evib =50 MPa for the first pass and
reaching Evib =I 00 MPa for the last pass. Complete rollers data are provided in Appendix
A. Figure 2.6 shows kd computed from the Sakai roller on FL LR 3 for passes 2, 4, 6. As
with the Bomag roller, the Sakai roller indicates an increasing trend of the computed
stiffuess from about 60 MN/m to 110 MN/m.
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Figure 2.5: Computed kdversus position (FL LR 3)
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Figure 2.6: Recorded EVib versus position (NC CS2 test bed)
The roller averaged data from NC is presented in Figure 2.7. Only results from
the four lifts of CS base are presented here. The Evib measurements recorded on the 0.20
m thick CS 1 lift suggest no increase in material stiffuess. Therefore, this data suggests
that the roller is unable to sense compaction of this 0.20 m lift. Evib values for the
subsequent CS 2, 3 and 4 lifts show an increase with number of passes, suggesting that
the changes in compaction were captured by the roller measurements. The compaction of
18
thin lifts atop a soft subgrade, as captured by in-ground sensors, will be discussed further
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Figure 2.7:E"ib vs Roller Pass (NC)
Similarly for the FL site, the data from the instrumented Sakai roller in Figure 2.8
suggests no stiffuess increase for the first lift LR I. For the subsequent lifts LR 2-LR 4,
the results show an increase in stiffuess suggesting the roller is sensing compaction ofthe
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Figure 2.8: kd vs Roller pass (FL)
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Except for the first lift on both sites, the results indicate an increasing trend in
stiffuess for all the subsequent passes. The multiple thin layer configurations (FL site)
indicates an overall stiffness increase of 120% while the thicker layer configuration (NC
site) shows a much higher increase in stiffuess of 300%. This finding suggests that under
the same the same loading, multiple thin layers configuration yields higher vertical
deflections than the thick layers.
As seen in Figures 2.7 and 2.8, on the first lift, the stiffuess is showing no increase on
both sites. In these cases (LRI and CS 1), we have thin stiff layers overlaying soft layers
and the rollers do not appear to sense a stiffuess increase in the top layers with passes. On
the second lift, the rollers detect an increase of stiffness in both sites (LR2 and CS2). In
FL LR2, where a thin stiff layer (0.15m) is overlaying a stiff base, the increase in
stiffuess is 100% from the first to the last passes. This increase in the case of the NC site
is 80% in the second lift CS2. Note that in this situation, we have a thick layer (0.30m)
overlaying a soft subgrade. The observation to make here is that a change in stiffness is
observed in the stiff over soft layer situation when thicker top layers are involved and
higher increases of stiffness occur with a stiffer subgrade.
Sample contact force-displacement loops from instrumented dnun data from
roller measurement on NC layers subgrade, CS 1 and CS 2 are shown in Figure 2.9. Each
sample plot shows 5 loops of Fc vs. Zd. On relatively soft subgrade soil (Fig. 2.9a), the
drum remains in almost continuous contact with the soil (Fe> 0) during vibration and k«
= 55MN/m. During operation on a stiffer base material CS 1 (Fig. 2.9b), the dnun
exhibits partial loss of contact during each vibration cycle (Fe = 0) and kd= 72 MN/m is
considerably greater. Because kd provides a composite measure of soil layers, the
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resulting kd=88 MN/m is greater for the 0.5 m thick base layer CS 2 (Fig. 2.9c). These

















Figure 2.9: Field contact force and drum vertical displacement loops
(a) Subgrade (b) CS I (c) CS 2
2.3.2 ELWD and Density variations
To explain the observations of stiffuess variations, measurements of ELWD and
density were performed. The LWD spot testing was performed on five points, equally
spaced across the lane, atop the in-situ sensor location and then averaged after the
measurement pass. The results are presented in Figures 2.10 and 2.11 for ELWD
measurements in NC and FL, respectively. Figure 2.12 shows the density variation in FL
site. The results shown in Fig 2.10 indicate no change in ELWD for the first lift and an
increase in ELWD in subsequent lifts except for CS 3. The results for CS 3 where the ELWD
did not vary with passes and are much higher than CS 4 were not expected.
The highest increase (60%) in ELWD occurred in CS 4 where thick layers of stiff
over stiff material were used. Comparing the stiffuess and ELWD variations in the NC
21
site, it appears that no compaction or change of stiffness is detected with a thin stiff layer
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Figure 2.11: ELWD Measurements in FL site
8
Variation of stiffness is detected both from ELWD and roller with a thick stiff layer
overlaying a soft layer and a thick stiff layer overlaying another stiff layer. Based on
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results from CS 3, no conclusion could be drawn for the case of thin stifflayer overlaying
a stiff layer as the ELWD did not show variations on CS 3.
No clear trend on ELWD is observed from the results of ELWD measurements in
Florida site. The same conclusions can be drawn with the dry density trends in Fig 2.12.
The implication in this case is that spot testing alone could not be used as a proof of
compaction and must be used in conjunction with other measurements such as roller data
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Figure 2.12: Dry density variation in FL test bed
2.3.3. In-situ stress variations
This section describes the in-situ subgrade stress as recorded by the in-ground
sensors. A typical time history variation of stress is shown in Figure 2.13. The
longitudinal direction is along the x axis of the roller travel. The transverse direction is
along the y axis and the vertical direction is along the negative z axis. Note that a
positive stress refers to compression and a negative stress to tension.
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It is known that soil does not carry tension but the modeling in the next chapters
will assume that the soil is a continuum.
The vertical and transverse stresses show the same trend in their variations with
the peaks occurring when the roller drum is atop the sensors. The longitudinal stress
shows a propagating wave in front the roller. Complete detrended stress time history
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Figure 2.13: Typical stress time history in CSl
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The peak stresses in all directions for the NC and FL subgrades are sunuuarized in
Figures 2.14 and 2.15, respectively. A slight increase in stress is observed after CS 1 and
LR 1 are compacted while the vertical stress decreases after CS 2 and LR 2 test beds are
compacted. With increasing top thickness, no change in stress is observed in CS 3
and CS 4. The same observation is made with additional layers on the subgrade at the
Florida site (LR 2 and LR 3) where the stress does not show substantial variations. A
careful review of stress variation in the base CS 3 indicates an increase of the stress in
CS3 with passes, suggesting compaction is actually occurring in this base layer. The
highest decrease in stress (about 70%) occurs in LR3.
The increase in vertical stress in the base layers and its relation with the
increasing moduli in the base, discussed further in section 3.5.5, suggests that compaction
is actually occurring in those base layers including the thin layers. These results indicate
that the roller does not detect compaction in thin stiff layers overlaying soft layers and
does detect layers compaction in the other cases.
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Figure 2.14a: Peak NC Total vertical stress in subgrade stress
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The same trends of increasing stress in the base and decreasing stress III the
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Figure 2.14b: Peak NC Total longitudinal stress in subgrade
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Figure 2.ISc: Peak Total FL transversal stress in subgrade
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2.3.4 In situ strain variation
The strain variation with passes is examined in this section. A typical time history
for strain variation in the NC site is shown in Figure 2.16. Two vertical strain sensors
were used with one serving as a backup. As seen in Figure 2.16, the trends shown in both
vertical sensors are the same, as would be expected. The strain trends in the longitudinal,
transversal and vertical directions are identical to those described for the stress. A
negative strain indicates tension and a positive strain in this convention refers to
compression.
The peak strain variations are presented in Figures 2.17 and 2.18 for NC and FL
sites, respectively. A slight strain increase is observed in the first lift in both sites while
the strain is decreasing for the second lifts in FL and NC. On subsequent lifts, there are
less variations of strain as the sensors are away from the roller and the top layers are
stiffer for the FL site and the top layers are thicker and stiffer for the NC site. The
decrease in strain in the subgrade, which is consistent with the decrease in stress observed
earlier, suggest that the layers atop the subgrades are absorbing much of the stress and
leaving less stress to the subgrades.
The increasing stress in the overlaying layers suggests that compaction IS
occurring in those layers. The discussion relating to the decrease of stress in the subgrade
and it relation to the increase of elastic moduli of the top and bottom layers will explored
further in Chapter 3 with a numerical parametric study.
More field results on stiffness variation with passes and in-ground stress and
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Figure 2.16: Typical strain time history in CS 1
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Figure 2.17b: Peak Total NC longitudinal strain in subgrade
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Figure 2.18c: Peak FL Total transversal strain in sub grade
2.3.5 Field Contact width Measurements
The technique used to measure contact width 2a under static loading in the field
consisted of spray painting the area in front of and behind the stationary drum of the
roller while in contact with the soil.
The roller was then driven away and the unpainted area was measured to record
the contact profile along the drum length (see Figure 2.19).
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Figure 2.19: Field method for measuring contact area, (a) painting around
drums, and (b) after drum has been removed
The roller employed was a Bomag BW213 with drum diameter and length of 1.50
m and 2.13 m, respectively, and a static linear load under the drum of 42.4 kN/m.
The results for a variety of soil types are shown in Figure 2.20. As illustrated, the
contact width is not uniform along the drum length. The contact width profiles for the
drum resting atop granular material (Fig. 2.20 d-f) generally match the shape predicted by
Hertzian theory (e.g., see Johnson, 1987). However, the profiles measured on the clay
material (Fig. 2.20 a-c) do not. The implication for the modeling is that granular and
stiffer materials are much closer to Hertzian assumptions and can be modeled using a
plane strain assumption (2D). For the clay, the low elastic modulus will generate higher
deformations and higher contact widths that may not be small compared to the
dimensions of the contacting bodies and violate Hertz contact theory assumptions (See
e.g., Dintwa et al. 2008). Modeling of soft material could be more accurate using 3D to
allow comparison with field measurements. The next section presents the main findings
and conclusions related to the experimental part. Some practical implications of those
findings are also discussed.
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Figure 2.20: (a) spray painted field profile for stiff clay and
measured results for (b) stiff clay, (c) soft clay, (d) crushed rock
Over stiff clay,(e) crushed rock over soft clay, and
(f) aggregate base material
2.4 Conclusions and Practical Implications
An experimental study was conducted to characterize the interaction between
vibratory rollers and layered media. Stiffuess measurements were recorded from the
roller as well as and stress-strain measurements from the in-ground sensors. Based on the
study results, the following conclusions can be drawn.
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The data indicate that the roller measured stiffness is insensitive to a thin stiff
layer overlaying soft layers. In the other cases, the roller stiffuess has shown changes
with passes, indicating sensitivity of the stiffness for thin layers of stiff material
overlaying stiff material and with thicker stiff layer overlaying soft material.
The layered soil impacts the stiffuess measured by the roller and the roller
stiffness varies with the thickness of the overlaying layer as well as the ratio of the elastic
moduli ofthe base layer to the subgrade. A numerical study investigating the influence of
layered soil parameters is presented in the next chapter.
The field contact width profile for granular materials agrees reasonably well with
Hertz predictions for stiff materials. The shape of the contact area for clay foundations
does not match Hertz predictions, as it is a softer material. This divergence from Hertzian
theory can be attributed to the low elastic modulus of clay, which generates higher
deformations than the Hertz model can accommodate. The implication is that the drum-
soil contact problem can reasonably be modeled as a plane strain problem (i.e., 2D) for
stiffer materials while softer materials may require 3D analysis.
The findings of this study have a number of implications. The roller sensitivity to
the top layer depends on the thickness of this top layer and also the moduli ratio between
the overlaying and underlying layers. Roller data alone cannot be used to determine the
compaction of thin layers, and additional measurements such as spot tests and
geophysical tests are needed to determine if relative compaction requirements are met.
Layered analysis predictions are not accurate without considering a dynamic load and a
non linear media. In the next chapter, the study will numerically examine the sensitivity
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of roller based stiffness to layer and contact characteristics using a quasi-static approach
combined with boundary element method.
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CHAPTER 3
ANALYSIS OF DRUM VIBRATION ON LAYERED MEDIA USING AN
ITERATNE CONTACT WIDTH, CONTACT FORCE AND STIFFNESS
ALGORITHM
This chapter builds on the findings of the previous chapter, primarily on the
importance of the underlying subgrade in the properties of the layered system, and seeks
to investigate and characterize the frictionless interaction of a roller drum on layered
elastic media. The approach is a pseudo-static analysis that uses a combination of a bi-
layer boundary element method (BEM) model (Berger, 1995) coupled with a 3 DOF
lumped parameter model (van Susante and Mooney, 2008). The BEM model computes
the contact width and the surface deflection based on roller dynamic force provided by
the 3 DOF lumped parameter model. An iterative procedure is developed to equilibrate
the appropriate drum/soil contact force and contact area with the stiffuess of the layered
media. These three factors (contact force, contact width and stiffuess) are nonlinearly
related, and the iterative procedure uses multiple linear analyses to approximate the true
relationships. The combined model is then used to investigate the relationship between
roller measured stiffuess and layered elastic properties, including the relative contribution
of the upper layer to the roller-measured composite stiffuess. This chapter discusses the
factors influencing the upper layer's contribution to the composite stiffuess and shows
under what conditions the roller-measured stiffuess is insensitive to the material
properties of the top layer. The numerical results confirm the previous experimental
findings and indicate that the roller measured stiffness is likely insensitive to compaction
of thin, stiff layers overlying soft subgrades. Critical values of upper to lower modulus
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ratio also exist above which the roller-measured stiffuess is insensitive to the compaction
ofthe current lift. Furthermore, for the range of lift thicknesses and upper to lower layer
moduli ratios encountered inpractice, the roller-measured stiffness is always a composite
measure of both layers and is often dominated by the properties of the lower layer.
3.1 Drum Soil Interaction Model
The general model used for roller-soil interaction is shown in Figure 3.1. The
model parameters (i.e., soil properties, dimensions) are shown in Table 3.1. The surface
traction distribution p(x) is computed according to Hertz theory (e.g., Johnson, 1987), and
is assumed to be an ellipse ( referred to as a parabola in the literature) as shown in Figure
3.1 and described by equations (1) and (2):
(3.1)
(3.2)
where P» is the maximum pressure, x is the position along the horizontal axis, a is half the
a
contact width, F; = f p(x)dx is the contact force, and Ld is the drum length. The roller
-0
measured composite stiffuess k, is defined as:
(3.3)
where LlF is the difference between the maximum contact force Femax and the static
contact force Fesial (i.e., due to static roller weight), and Llw is the difference in
displacements under the center of the drum due to Femax (wmax) and Festal (Wslat ) as shown
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in Figure 2.2. This definition is consistent with that employed by roller manufacturers
(e.g., Krober et al. 2001, Anderegg and Kaufman 2004) where roller measured stiffuess is
extracted from drum-soil contact force-displacement (Fc-zd) time histories during
vibration (see Fig 3b).
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Figure 3.1: General model for the roller-layered soil interaction
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Note that equation (3.3) is similar to equation (2.4) where Fc.odmax is replaced by
Femax in the pseudo-static computation. The analysis performed is pseudo-static in that the
contact force is determined via dynamic lumped parameter model analysis while the
relationship between composite stiffness k and layered elastic properties is static.
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The computation of k is not trivial because the model in Figure 3.1 is
underdetermined. First, a depends on both Femax and layer properties, and there is no
closed form solution for a given Femax and layer properties (e.g., Lovell, 1998). Second, k
depends on a, which is unknown a priori and varies with respect to time (e.g., Musimbi et
al. 2010). Third, Fcmax depends on k (e.g., Y00 and Selig, 1979). To overcome these
challenges, a novel iterative approach involving a 2-layer BEM tool and a three-degree of
freedom (DOF) lumped mass parameter model of the drum soil system was developed.
The BEM tool and 3-DOF model are briefly described in the following, and
subsequently, the iterative method is described in detail.
3.2 Boundary Element Method Analysis
The BEM is a numerical technique for solving partial differential equations (e.g.,
Brebbia and Dominguez, 1992). A two-dimensional BEM code for the elastostatic
solution of stress and displacement in bi-materials due to an arbitrary surface traction,
developed by Berger (1995), will be used in this chapter. The advantage of BEM for this
particular problem is that only the remote boundary of the material needs to be
discretized - the interface continuity conditions for stress and displacement are satisfied
analytically in the boundary element formulation. The boundary element formulation
used is appropriate for two-dimensional plane-strain conditions, and the code was
designed to accommodate general anisotropy (e.g., Ting, 1996). Rinehart et al. (2008)
showed experimentally that plane strain conditions exist beneath the center of the 2.1 m
long drum. The degenerate case of isotropy investigated here can be handled by
computing cubic elastic constants from the engineering elastic constants (modulus E,
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Poisson's ratio v) and slightly perturbing the shear modulus to a nearly-isotropic value
(e.g., Cruse 2008). Since this code uses constant boundary elements, suitable mesh
refinement studies were performed in advance of the numerical modeling reported below
(see Appendix B). The perfectly bonded layers assumption is acceptable under the
working conditions where only normal pressure is assumed in the "field. Further, based
on Hertzian theory assumptions, the model assumes no friction exits in the contact
between the drum and the soil (See e.g., Dintwa et al. 2008).
3.3 Three DOF lumped parameter model
A 3 DOF lumped parameter model was developed by van Susante and Mooney
(2008) to characterize the dynamic vertical kinematics of the roller, including loss of
contact between the drum and soil (e.g., Adam and Kopf2004) and is shown in Figure
2.1. The 3 degrees of freedom include the vertical displacements of the frame, drum and
soil, Zj, Zd, and z., respectively.
All these parameters are shown and explained in Figure 2.1. The model is used in
this study to estimate Femax given k, c and machine parameters (e.g., eccentric mass
moment moeo, roller circular frequency Q=21tj).
The roller parameters used in the study were maintained constant at the values listed in
Table 3.2, and only k, the stiffness of the underlying soil, was varied.
3.4 Iterative process
Figure 3.2 illustrates the multi-step iterative process used to compute k for given
layer properties. Fixed roller parameters (Table 3.2) and an initial value of k (step I) are
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used to compute Femax from the 3 DOF model (step 2). This Femax and an initial value of a
provide input to the BEM code.
Parameter

















The vertical displacement at the center of the load, Hlma" computed by BEM (step
3), is used to determine a new contact width a* according to the geometry of the drum-
soil contact (Fig. 3.2, Equation 4, step 3c):
(3.4)
where R is the drum radius and HI1 is the vertical displacement of the last loaded element
under the drum. The newly calculated a* is then reinserted in the model at step 3d. This
process is iterated until convergence is achieved between a* and a (see Fig.3.2, steps 3d).
Convergence between a* and a is typically achieved within 4 iterations of steps 3a - 3d.
Once a* has converged to a, a new stiffness k* is calculated according to equation (3.3)
(step 4). Next, k* is compared to k (step 5). k is set equal to k* and reinserted into step 2
if the two values do not agree to within 1%.
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Figure 3.2: Iterative approach to compute roller-measured k from layer properties and
roller parameters. Outer loop on left-side; inner loop on right.
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The process is performed until convergence between k and k* is achieved.
Typically, k* converges to k within 4 iterations of steps 2-5. At the end of the process, the
iterative approach yields values for Femax, a, k, and Wmax for a given layer configuration
(Ej, E2, hj). The iterative approach was validated by comparing the computed value of a
with Hertz theory predictions for a half space. The a values computed via the iterative
approach and by Hertz theory were found to agree within I% except for very low values
of E, i.e., below 10 Ml'a (Musimbi et al. 2010). It is known that Hertz theory predictions
are inaccurate for very low values of E (e.g., Johnson, 1987).
In this case oflow E values, the deformations are large and cannot be neglected
when compared to the dimensions of the bodies in contact. Further, the converged values
of stiffness and half contact width were found to be independent of their selected initial
values (see Appendix B).
3.5 Results
The results of the parametric studies performed are presented in this section. This
section also discusses the contribution of the top layer to the computed composite
stiffness. The final subsection presents a comparison of the computed and field measured
contact widths.
3.5.1 Influence oflayers characteristics on composite stiffness
This section presents the results of the study to investigate the influence of layer
characteristics on k. First, two simple simulations were performed to assess the influence
of half space modulus E=Ej=E2 and thickness of the stiff upper layer n: on k. As shown
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in Fig. 3.3, k linearly increases from 8 MN/m to 78 MN/m over a range of E= 10-120
MPa. Similarly, the value of Fe",ax increases from 130 to 250 kN with E increasing from
10 MPa to 120 MPa. The value of 2a decreases from 190 mm to 90 nun over the same
range of E. The nonlinear decrease in contact width is due to the curved drum.
The influence of hi on k is shown in Figure 3.4 for E]= 100 MPa and E2 = 50 MPa. The
value of k increases from the half space (h]=O) value of 34 MN/m and levels off at 50
MN/m at ht = 1.2 m. For h]<1.2 m, the stiffuess is reflecting both the stiff upper and
softer lower layer. Beyond this critical thickness (i.e., measurement depth), the roller
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Figure 3.3: Variation of (a) k (b) 2a and (c) Fe for a half-space conditions (E =E2)
These numerical results regarding measurement depth agree well with the
experimental results presented by Rinehart and Mooney (2009b).
The contact width exhibits a 15% decrease as h, increases from 0 to 0.3 m. 2a
remains constant for hi> 0.3 m despite the increase in k. An increase in h, causes an
increase of Fe and k and should have led to a decrease of the contact width. The observed
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constant contact width could be explained by the fact that only a small increase of Fe





















Figure 3.4: Variation of k and 2a with h: for E1 = 100 MPa and E2= 50 MPa
The difference in the changes of 2a and k with h, could be explained by the fact
2a is proportional to (wmax - WI) (see eq. 3.4) while k varies with If(wmax- Wstat) (see eq
3.3). The fact that 2a levels off sooner than k (at about 0.3 m) is attributed to contact
area being more closely related to the relative vertical deflection (wmax-wt).This relative
vertical deflection remains constant above a certain critical value of hI as shown in Figure
3.5. In contrast, k depends on Wmax that decreases until h=1.2 m and Fe (i.e., rigid body
compression of the bottom layer plus penetration of the drum into the upper layer) and is
therefore strongly influenced by E2 to greater values of h..
To further understand how layer characteristics influence roller-measured
stiffness, the influence of layer elastic modulus ratio E/E2 on k was investigated. E]fE2
was varied from I to 10 for three different values of E2(10, 50 and 100 MPa).
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The values used in this analysis, including the top layer thickness and restriction
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Figure 3.5: Variation ofw with hi for E, = 100 MPa and E]= 50 MPa
Note that low value of E2 (= 10 MPa) is not realistic in practice but is included
for analysis purpose. The results for the layered cases were normalized by those
determined from a half space case with E = E2 (i.e., by k2 and 2a2). The normalized
stiffness k,,=kJk] and the normalized contact width 2an~2a/2a2 are presented in Figure 3.6
for three values of hi, namely 0.10 m, 0.20 m and 0.30 m.
The results indicate an increase in k; and a decrease in Za; for an increasing
modulus ratio. For E2= 10 MPa, knincreased by approximately 40%,60% and 80% as
E]IE2 increased from 1 to 10 for h, = 0.10,0.20 and 0.30 m, respectively. The change in
k.; is even greater for E2=100 MPa with k; increasing by 60%,85% and 105% as E]IE2
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Figure 3.6: Variation of k; (top row) and Za; (bottom row) with E/E2
Recognizing that compaction can be envisioned as an increase in E)/E2, these
results imply that the roller is less sensitive to the compaction of the top layer for lower
E2 and/or h-, Further, even for a well compacted top layer, k; is reflecting both layers for
all cases shown.
The variation of Za; with E/E2 can be explained by considering the curved shape
of the drum, which induces a hardening type response (Rinehart and Mooney 2009a).
Figure 3Ab shows that the variation of 2a for E of a half space is nonlinear and that 2a
changes less as E increases. In Figure 3.7, increasing E2 results in a stiffer overall
situation and therefore smaller changes in Za; over the range of E]/E2 investigated.
Further, a more pronounced change in Za; is observed from h)=0.10 m to h)=0.20 m than
from 0.20 m to 0.30 m when examining the E]=10 and 50 MPa cases. This agrees with
results shown in Fig.3.Sb, where 2a leveled off at around 0.20 m. The irregular shape of
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Za; for E]= 100 MPa is attributed to partial loss of contact in the 3 DOF model due to
high soil stiffuess (see van Susante & Mooney 2008).
3.5.2 Sensitivity of stiffness to layer characteristics
Building on the previous results, a finite difference method (FDM) was used to
compute the sensitivity of k with respect to the variables EIIE2 and h, by taking
derivatives of k; (e.g., Haftka and Adelman 1989, Sfantos and A1iabadi 2005). Note that
the ranges of variables in the study have been selected to match practice (e.g., E ,I E2
varies from 1 to 10 while h, varies from 0.10 to 1.2 m); therefore, the sensitivity values
cannot be compared across variables. However, taking derivatives of k; does allow for
the comparison ofthe results within a single variable. The results reflect the relative
influence of the various parameters on k.
The sensitivity of len to E11E2, ok" is shown in Figure 3.7. A positive
aCE, I E2)
sensitivity implies that k; increases with EIIE2• k; is more sensitive to changes in E11E2 at
low values of E,IE2 and for higher values of hi. Further, when the sensitivity drops below
5%, len can be considered nearly insensitive to changes in EIIE2 (i.e., compaction). The
critical values of EIIE2 above which k; (and k) becomes nearly insensitive to compaction
are approximately 4,6 and 7 for h1= 0.1, 0.2 and 0.3m, respectively.
These results are discussed in more detail later and agree with previous results
shown in Fig 3.6 and observations in the field where for any h, and E2, k; increases






Figure 3.7: Sensitivity of k; to EI!E2 for E2=50 MPa
High values of E]/E2 could occur in two different ways. First, a very stiff over soft
situation may exist from the onset of compaction (e.g., a stiff granular material over a soft
cohesive material). Under this scenario, and depending on h], it is foreseeable that the
roller will be insensitive to compaction for all passes. Second, as compaction progresses
and E/E] grows to the critical value, the roller could become insensitive to additional
compaction after the initial roller passes.
The sensitivity of k; to h., 8k" is shown in Figure 3.8. The results exhibit a
8h,
positive sensitivity, indicating k; increases with increasing h-, The decreasing trend of the
sensitivity with increasing h, reflects that the stiffuess increases less and less to further
plateau as hi approaches the measurement depth (e.g., see Figure 3.4a).
The results show that k; is more sensitive to changes in h, for higher values of
E]/E2 and lower values of hi. The next section discusses the contribution of the top layer
to the composite stiffness and the influence oflayers parameters on this contribution.
Those layers parameters include the top layer thickness, the layers moduli ratio, the
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Figure 3.8: Sensitivity of k; to hi for E2 = 50 MPa
3.5.3 Contribution of top layer to composite stiffness
In order to directly investigate the contribution of the top layer to the overall
composite roller-measured k, a new term k"e/ is calculated according to:




where k, is the stiffness of a homogeneous half space E1• Values of keelcan vary from 0
(no contribution of the top layer) to 100% (roller k is only reflecting the top layer). Recall
k2 is the value of k on a homogeneous halfspace of E2.
As shown in Figure 3.9, krel increases with hi and decreases with E1 for all E2 over
the range evaluated. A stiffer top layer deforms less and therefore contributes less to the
overall stiffness of the layered media. In all cases, keel < I00 %, therefore at the layer
thicknesses investigated here k is always a reflection of both layers. In fact, with the
majority of krel values below 50%, these results illustrate that for typical stiff over soft
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Figure 3.9: Relative contribution of the top layer (keel) as a function of E/E2, E2 and h,
3.5.4 Relationship to 2a/hI
The dimensionless parameter Za/h, is often used to characterize layered
system/structure interactions, and while this parameter has a less direct physical meaning
to field conditions than do h, and E/E2, it still provides useful insights into the mechanics
of roller-measured stiffuess on layered media. Figure 3.10 shows the influence of Za/h,
on keel for E2= 50 MPa and values of EI/E2= 2, 5 and 10. As illustrated, keeldecreases with
increasing Lalh«, implying that as the thickness of the top layer decreases; it has less
influence on k. This finding is in agreement with Figs. 3.7 and 3.10, and with other
literature that shows that an increase in Za/h, leads to less stress concentration in the top
layer (e.g., Burmister, 1943). Further, it is possible to see that soil compaction (i.e.,
increasing EI/E2) leads to decreasing 2a and therefore decreasing values of2a/hl for a
constant h.. For the same h., lower values of2a/hl suggest a stiffer soil. Accordingly, a
high ratio of2a/hl occurs on soft material and/or with thin layer thickness. Using this line
of reasoning, Figure 3.11 confirms that that k is less sensitive to compaction for low h,
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Figure 3.10: Variation of k"l with Za/h, and E1/ E2 (E]= 50 MPa)
3.5.5 Vertical stress variation with depth in layered media
This section examines the variation ofthe vertical stress with depth in a layered
situation. A top layer thickness of 0.20 m is considered in the analysis; with two £2
values of 50 and 100 MPa to reflect, medium and stiff soil conditions as previously
considered in this chapter. Three moduli ratios of EtlE2 = I, 5 and 10 are used in the
analysis to compute the vertical stress variation with depth. The results in Figure 3.11
show an decrease in vertical stress in the subgrade (depth of 0.2 m) with increasing E1/E2
for E2=100 MPa. For E2=50 MPa, the results indicate an increase first and later a
decrease in vertical stress at the depth of 0.2 m where the sensors are located. The
increase of E2 and E1/E2, which is equivalent to the compaction of the subgradeand the
base, results in a decrease in the vertical stress in the subgrade. These results can help
explain those observed with the in-ground sensors in Chapter 2 where the vertical stress
in the subgrade was decreasing with passes. The model results suggest that the decrease
of vertical stress captured by the in-ground sensors can be attributed to the increase of the
52





20 40 60 80 100 120 140 160 180 200
0.2
0.1
:[ 0 ----A--- E ,IE 2=1
£ -0.1 )~ E /E2=50-w -0.20 0 E/E2=10-0.3
-0.4
a (kPa), E2=100 MPaz
20 40 60 80 100 120 140 160 180 200
0.2
0.1
E 0 ----A--- E/E 2= 1
-:5 -0.1 ----+-- E /E2=50-w -0.20 --e-- E /E2=10-0.3
-0.4
Figure 3.11: Variation of vertical stress with depth as a function of EjfEl, E]
for h, ~O.30m.
3.5.6 Comparison with field measurement
The results of the comparison between field contact measurement due to static weight
and BEM are shown in Table 3.3. The LWD-determined moduli used in the BEM model
have led to contact widths lower than the field measurements. These differences (which
were large in some cases) can be likely attributed to the continuum-based assumption of
the BEM model which is not appropriate to describe the granular nature of soil as
suggested in a recent study using a Discrete Element Method (DEM) approach (e.g.
Buechler et aI., 2010). Other possible reasons explaining the differences between the
BEM and field contact width measurements could include the uncertainty in the field
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Table 3.3: Measured and Computed contact widths
Case ELWD Field 2a BEM2a Difference
(USCS) (MPa) (mm) (mm) (%)
Soft clay half space 17.5 130 88 32
(ML)
Stiff clay half space 42.4 65 57 12
(ML)
Crushed rock over soft clay 74.2/ 17.5 85 42 50
(SMoverML)
Crushed rock over stiff clay 74.2/42.4 75 42 44
(SMoverML)
Agg. base mat"I half space 69 80 45 44
(SP-SM)
measurement of the contact width, soil plasticity, and the nonlinear nature of the actual
soil behavior.
3.6 Conclusions
A multi-step iterative approach combining BEM analysis of a two-layer elastic
system with a 3 DOF lumped parameter model was developed to investigate and
characterize the interaction of a vibratory drum on layered elastic media. The iterative
approach was necessary due to the underdetermined nature of the problem and the lack of
analytical solutions for determining k and 2a given layer and drum parameters.
For the range of layer parameters commonly encountered in earthwork practice,
drum-measured soil stiffness was found to always reflect both layers. The relative
contribution of the underlying layer to k exceeded the contribution of the top layer.
The results also indicated that k proved to be less sensitive to compaction of the
upper layer (i.e., as represented by an increase in EjIE2) when E2 and h. were small (i.e.,
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for softer subgrades and for thinner lifts) as seen in the experimental part. The relative
contribution of the upper layer to the composite stiffness increased as E2 and hI increase.
The study indicated that critical levels of EIfEl exist above which k will be nearly
insensitive to further compaction. For EIfEl greater than about 4, 6, and 7, k is nearly
insensitive to further compaction for hl=O.I, 0.2 and 0.3 m, respectively. These critical
values of EIfEl could exist from the onset of compaction in the case of a stiff base
material placed over a soft subgrade, or could be reached as compaction of the upper
layer progresses. In either case, these results indicate that the efficacy of the instrumented
roller as a QCfQA tool for the compaction of thin stiff layers atop softer subgrades is
compromised.
The LWD-determined moduli used in the BEM model have led to contact widths
lower than the field measurements. These differences (which were large in some cases)
can be likely attributed to the nonlinear soil behavior, the uncertainty in the field
measurement of the contact width, soil plasticity, and the granular nature of the soil
compared to the continuum-based BEM model.
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CHAPTER 4
CHARACTERIZATION OF VIBRATORY DRUM RESPONSE ON LAYERED
SOIL USING FINITE ELEMENT ANALYSIS
In chapter 3, a pseudo-static analysis combining a 3 degree-of-freedom (DOF)
lumped parameter model with a boundary element method (BEM) model was performed
to study the influence of layer parameters on the roller measured stiffuess. This study
yielded insight into the sensitivity of roller based stiffuess to layer properties such as the
elastic modulus of the subgrade, the ratios of layers' moduli and the top layer thickness
using isotropic linear elastic material models. However, the pseudo-static approach
ignored the influence of material properties and behaviors involved in dynamic system
analyses (e.g., inertial properties and intrinsic and radiation damping) and their effects on
the displacement behavior of the system.
This chapter presents comparisons of pseudo-static and dynamic numerical
parametric studies of simulated roller data on pavement systems with multiple layers of
varying stiffuesses and thicknesses. Given the complexity of the drum-soil interaction
(e.g., varying contact area, drum-soil decoupling during each cycle of vibration)
examined in the literature (e.g. van Susante and Mooney 2008, Musimbi et at. 2010), a
numerical solution approach is required. Finite Element Analysis (FEA) was selected for
these studies, as no assumptions are made on pressure distribution and contact area' (e.g.,
Lovell 1998, Nikas and Sayles 2008), allowing for the evolution of the contact area
between the drum and the roller. This chapter documents the development and
interpretation of results of a FE model of vibratory roller compacted homogenous and
layered soil foundations using the commercial FEA code Abaqus (Abaqus V9.2). The
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model response is tuned with experimental results previously collected during field
testing with an instrumented vibratory roller operated on various layered soil conditions.
The relationship between roller response (i.e., contact force, soil vertical deflection, and
corresponding roller measured stiffuess) and layered soil conditions are explored via both
pseudo static and dynamic FEA, emphasizing the differences between the two modeling
approaches.
The results provide insight as to the sensitivity of layer moduli and thickness on
roller measured stiffuess and the importance of considering dynamic material properties
and effects in evaluating the roller-measured stiffuesses of underlying soil layers.
4.1 FE Model Development
The FE model development, including the dimensions, the mesh size, and the type
of element selected is discussed. The proportional damping approximation considered in
the study is also presented. In the last part of this section, the model calibration with field
data is discussed.
4.1.1 Abaqus Model
A 2D symmetric plane strain model was created in Abaqus to simulate the
interaction between the drum and the soil (see Figure 4.1). The discrete soil region is
modeled with dimensions of 4m wide by 2m deep; linear infinite elements as defined by
Abaqus are applied on the boundaries to mimic radiation damping. As shown in
Appendix C, the model's [mite depth dimension was determined through performing
multiple simulations with depths of I, 2, 4, and 8 m; no apparent differences were found
between the varying depths, so the depth of 2m, which is deeper than the 1.2 m to 1.3 m
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measurement depth of interest, was used for these studies.
All elements were square and the same size element was used throughout the
model mesh. After performing a mesh size study, a size of 20 mm was retained to
perform parametric analyses with the model. The roller is modeled as a rigid body
comprised of a frame and a 1.5 meter diameter drum. The vibratory excitation frequency
is 30Hz and the eccentric mass moment m.e; is set to 4.25 kgm, consistent with the low
amplitude setting (see Table 2.2). A frictionless contact interface is defined between the
drum surface and the soil surface. The element type used in the simulation is CPE4R
linear quadrilateral with reduced integration.
Both dynamic explicit solutions as well as pseudo static algorithms were used in
the computations to determine what influence the dynamic considerations of soil inertia
and dissipation had upon the force-displacement behavior and resultant measured
stiffness of the soil foundation. Pseudo static analysis uses the same contact force
obtained from the dynamic analysis and statically computes the displacement. This
approach allows an easy comparison between both analyses by eliminating the effects of
the vibratory load.
A study was also performed on the model boundary conditions to compare the
computed responses (contact force/surface deflection) using infinite and finite elements.
The results shown in Appendix C indicated that for medium to stiff soil, the finite model
under predicts the response with errors of 25% (medium soil) to 10% (stiff soil). Infinite
elements are therefore been used for this study to appropriately represent energy
radiation.
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Figure 4.1: Abaqus model
4.1.2 Material Damping
Previous research (e.g., Mooney and Rinehart 2007) has shown that the effects of
energy dissipation are significant, and thus the effects of intrinsic material dissipation of
the layered soil materials on measured stiffness should be investigated. If FEA is to be
used to analyze a soil system, particulate materials are typically replaced with equivalent
homogeneous continuum materials with fictitious uniform stiffness, density, and
dissipative properties (e.g. Santamarina 2001). Methods for measuring and quantifying
the elastic and inertial properties of soil materials for usage in FEA have been well-
established. However, the equivalent representation of the particulate materials'
dissipative properties involves more assumptions, as energy loss mechanisms in granular
soil materials occur at the particulate level and are currently impractical to pinpoint and
quantify for continuum finite element approximations. Therefore, single-degree-of-
freedom dissipative properties as represented by Kelvin-Voigt material damping ratios.E,
are assigned to the soil materials based upon experimental observations (e.g., resonant
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column and dynamic cyclic triaxial tests). These ~ values are intended to represent in an
overall blanket manner the multitude of particle-scale processes that result in an overall,
observable energy loss (e.g. Santamarina 200 I).
Additionally, while FEA formulations for representing the contributions of
multiple materials' elastic and inertial properties have been well-established, there is no
general consensus for an appropriate, physically based representation of multiple
materials' distinct values of intrinsic damping in composite systems such as layered soil
foundations (e.g., Wang 2009). One of the most commonly used methods for the creation
of a multi-degree-of-freedom intrinsic damping matrix ([C]) in FEA is Rayleigh damping
(Equations 4.1 - 3):





where [C] is the damping matrix, [M] is the mass matrix, [K] is the stiffuess matrix, a
and 13 ·arethe damping coefficients, 1;n is a modal damping ratio, and COn is a modal natural
frequency (e.g., Chopra 2007). Rayleigh damping is a proportional damping model based
upon the mathematical convenience of preserving undamped modal orthgonality; there is
no physical justification for the dissipative properties of a material as a scaled linear
combination of the global stiffness ([K]) and mass ([M]) matrices. ex and ~ are
additionally based upon system-level natural frequencies and mode shapes as listed in
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Equations (4.2) and (4.3) and do not transparently reflect the single-degree-of-freedom ~
values for each soil material as experimentally measured. When the modeled systems are
comprised of one material with one uniform ~ value, Su. is typically set equal to the single
material's ~ value; however, when multiple materials with their own unique ~ values are
to be represented within one system, the determination of a and ~ from Equations (4.2)
and (4.3) becomes ambiguous at best, relying heavily upon user judgment and past
expenence.
Therefore, to use the Rayleigh damping construct within the context of this study,
it was assumed that, if the product of the beta damping coefficient and the elastic
modulus of each individual soil layer were to be maintained constant, system level
natural frequencies as represented by OJn, would be eliminated (Equations 4.2 and 4.3),
thus eliminating the Rayleigh damping values' dependency upon geometric configuration
and modal frequencies. [C], which serves as a measure of a material damping ratio S, is
therefore kept constant and intrinsic to each soil material: as [K] is proportional to the
elastic modulus E of any material, maintaining the proportionality between E and 13 is an
approximation towards controlling unique material damping values used in the
simulations
The impact of intrinsic damping was examined by varying either a or 13
parameters on a halfspace. The results, shown in Appendices C, indicate that a impacts
the major axis of the foroe-displacement hysteresis loop with little to no impact on the
stiffness for higher values of 13. For very low values of 13 (e.g., 0.0001 s), minor changes
in stiffness were observed for varying a. A change in 13 mostly affects the minor axis of
the force-displacement loops and therefore causes an increase of the area of the force-
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displacement loops, indicating an increase in dissipated energy due to intrinsic material
properties. Since the change in a. proved to have less influence over the response for
high values of 13, a nominal value (e.g., 0.=20 S-I) was considered to allow for the stability
of the results.
4.1.3 Model Calibration
Each simulation in Abaqus was performed by applying a static load due to the
weight of the drum (ramped up for 0.5 s) in the first step. In the second step, the eccentric
force moeow2 was applied. A time increment of 0.0002s was used to perform the analysis.
The mean values of the drum vertical displacements were compared at different time
intervals. The equilibrium for an explicit run was decided when the mean displacement
remained constant and the displacement was harmonic.
This time was observed to be typically at about 0.2 s after the application of the
eccentric load and varied with the soil properties (e.g., damping parameters). For Abaqus
standard runs, the total time for the load application was set to 2 s. A sample ofthe
displacement and force time histories are displayed in Figures 4.2 and 4.3, respectively,
in a case of soft soil (E= 50 MPa) after the equilibrium. The combined force-
displacement loop for this run is shown in Fig 4.4 as an illustration. The same procedure
combining Fe and Zd time histories after equilibrium is used to obtain Fig. 4.5.
To calibrate the FE model, the numerical model's force-displacement loops were
compared with instrumented drum data and ELWD measurements of E collected during
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Figure 4.4: Model Fc-zd loop for E = 50 MPa
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The three stratigraphies considered are the subgrade and the CS 1 and CS 2 base
layers from the NC test bed. The capability of the FE model was verified by matching
these three behaviors. Figure 4.5 shows the FE model response superimposed on the
experimental results in Fig. 2.8.
300r--------~
















Figure 4.5: FEA Model fitting offield data
(a) Subgrade (b) Base CS 1 (c) Base CS 2
The model force-displacement loops match the field results for the following values of
131 = 0.003 s. The subscripts 1 and 2 refer to the base (top layer) and the subgrade (half
space), respectively. The product I3Efor the parametric study of each layer was set equal
to the above values obtained by fitting numerically generated force-displacement loops
with previously obtained field data (Mooney et al. 2010). The selected values of densities
for the subgrade and the base are 2000 kg/nr' and 2100 kg/rrr', respectively. The ratio of
the base elastic modulus over the subgrade is consistent with the experimentally observed
values in Table 2.1.
The fitting criterion consisted of a match of the maximum drum displacement with the
field results. Model maximum displacements matched the field displacements within 3%
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of error margin. The halfspace model stiffuess matched the field values within 0.1% error
margin while differences in stiffuess of up to 17% were found on both bases.
The previous comparison and a careful review of the results in Figure 4.5 indicate a better
fit on the sub grade compared to the bases. The model appears to better capture situations
of no or low loss of contact and does not agree well with situations of severe loss of
contact, due perhaps in part to the simplified linear material assumptions.
4.2 Homogeneous Halfspace: Pseudo static vs, Dynamic Analysis Results
This section discusses the analyses of the dynamic to pseudo static behaviors in
halfspace. The same contact force from the dynamic analysis will be considered in the
pseudo static stiffuess computation.
4.2.1 Model response for varying E on a half space
A homogenous half space comprised of only one soil material is examined first to
isolate the resultant differences between pseudo static and dynamic analysis procedures
without considering the additional complications involved in representing multiple
material properties for multiple soil layers. A uniform soil elastic modulus is varied from
10 to 100 MPa, and the resulting roller-estimated stiffuess values as defined by Equation
(2.4) from the pseudo static and dynamic analyses (kps and kct, respectively) are shown in
Figure 4.6. The resultant contact force from the dynamic FEA is used for the pseudo
static analysis. The results indicate an increase of kd from 12 to 70 MN/m with increasing
E for both the pseudo static and dynamic analyses, with the dynamic analyses
consistently predicting higher soil stiffuess values. This increase from 10MN/m to about
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Figure 4.6: Pseudo-static and Dynamic stiffuess versus half space E
To understand the stiffuess evolution with the change in E, the variation of the
pseudo static and dynamic displacements is examined. The results, shown in Figure 4.7,
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Figure 4.7: Displacement versus E on a half space
4.2.2. Single degree of freedom analogy
To more clearly understand the trend of the ratio of zctlzps with respect to
increasing E, a single DOF lumped parameter amplification response representation is
used. Natural frequencies for the homogenous half space (wo=2nfo) and the ratios of
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the forced frequency (w=21tj) over the natural frequencies are computed for each
value of E using Abaqus. Wo values for the first compression mode are listed in Table
4.1. It is important to note that this mode is the second overall mode but the first
primarily compressive mode. The dominant mode shapes for the halfspace systems
involve significant tensile stresses due to the infinite boundary conditions. These
tensile modes are discarded in the presentation of the amplification factors, as true
soil systems will not hold these tensile stresses that result from the continuum
approximation of the granular materials.
The fundamental mode shape, shown in Figure 4.8, is considered in the FE
calculations of the overall dynamic behavior; however, the amplification response is
presented with respect to the appropriate compressive mode shapes.







































Figure 4.8 Fundamental shape mode in compression
Amplification factors are defined as the ratio of the maximum dynamic
displacement to the pseudo static displacement (Zct/zps). Amplification factors for each
elastic modulus were plotted against the corresponding ratio of forcing frequency to
natural frequency (w/wo). The resulting amplification response spectrum for this
SDOF analogy is shown in Figure 4.9. To show the increasing trend of zalzps for
increasing E (decreasing w/wo), Zct/zps is plotted together with the SDOF dynamic
amplification for an assumed SDOF damping ratio of 25%.
The relatively high damping ratio matches the dissipation values as expected from
the force-displacement loops shown previously and in the literature (Mooney and
Rinehart 2007). As E values increase, the natural frequency values of the medium
increase and w/wo decreases. Both the theoretical amplification Amp and Zct/zps
increase with the increase of w/w., The data of Zct/zps is mostly located on the right
side of resonance (w/wo < I) since the working is less than the natural frequency. This
definition of the amplification Zct/zps although used in practice, is not equivalent to the
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theoretical amplification comparing the dynamic to the static response. Therefore,
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Figure 4.9: Amplification factor of the halfspace
4.3 Layered Soil: Pseudo static vs, Dynamic Analysis Results
The halfspace analyses comparing the dynamic to pseudo static behaviors are now
extended to a two layer system intended to represent the multiple earthwork layers in a
pavementlrailway system. This introduces significant complications in the interpretation
of data, including the representation of multiple dynamic material properties and the
measurement of a stiffuess value that represents the fictional "composite" underlying
material. Results from the procedures comparing the dynamic versus the pseudo static
analyses are discussed as follows.
4.3.1 Dynamic over pseudo static stiffness
The influence of the ratio of E1/E2 on both kd and kps is shown in Figure 4.10 for
subgrades of, E2=50MPa, E2=IOOMPa and h=O.1O m, 0.20 m and 0.30 m. the two moduli
values are more representative of values typically encountered in pavement/railway
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earthwork. The results indicate both kd and kps increase with increasing E2, and E1/E2 and
h suggesting compaction of the upper layer. While kps always increases, kd levels off for
E2=50 MPa, h=O.1O m and h=0.20m and for all cases of E2= I00 MPa.
The critical values of E]/E2 at which kd is insensitive to E]/E2 are 6-8 for E2=
50MPa and E2=100 MPa. These results indicate that kps is always sensitive to the
underlying layer one for the range of E]/E2 shown, while kd can become insensitive to the
underlying layer. Specifically, for E2 = 50 MPa kd is insensitive to the underlying layer
for E]/E2 > 4 (h = 0.20 m) and for E]/E2 > 6 (h = 0.30 m). For E2 = 100 MPa kd is
insensitive to the underlying layer for E]/E2 > 6 (h = 0.10 em) and for E1/E2 > 7 (h = 0.20
m and 0.30 m).
To compare the values of stiffuesses more closely, the ratios kd/kps are computed
and shown in Figure 4.11. The results indicate that kd is higher than kps for the low to
medium values of E2, where E2 =50 MPa. As E2 increases to more realistic values (E2=
100 MPa), kps increases and becomes higher than k« leading to ratios of kd/ kps of less than
1. Also layer thickness does not appear to have much influence at those values of
E2=50MPa and 100 MPa.
While dynamic values of stiffuess should be preferably computed as they are
more accurate, the study suggests that at higher subgrade moduli values of (e.g., E2=
100MPa), kps is conservative.
4.3.2 Dynamic versus pseudo-static displacements
To understand the trends in dynamic versus pseudo static stiffnesses in layered
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Figure 4.10: Dynamic and pseudo-static stiffuess in layered situation
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Figure 4.11: The ratio kct/kps for two-layered situations
The displacement ratio zct/zps is plotted with respect to w/w, as shown in Figure 4.12.
10
The equivalent SDOF dynamic amplification factors as previously defined for the
halfspace can again be seen in the amplification response spectrum in Figure 4.12. The
SDOF amplification and Zct/zps are plotted against first primarily compressive natural
frequency (the second overall natural frequency, with the first mode displaying
significant tensile stresses), although all the mode values and frequencies were retained
for determining the dynamic response.
This again results from the FEA approximation of granular materials as
continuum materials; the model assumes continuity of the material and therefore includes
limited tension in the computation of the natural frequencies and related mode shapes of
the system due to the infinitely constrained boundary conditions.
The interpretation of these layered system data with respect to an analogous
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Figure 4.12: Dynamic over pseudo-static displacements in layered situation
The amplification data for the given subgrades appears to follow a discemable trend;
However, as for the case of the halfspace, they do not maximize slightly below.
resonance, as would be expected for a dynamically excited SDOF oscillator; this may be
due to the fact that the granular material is being approximated as a continuum material
with mode shapes that can hold tension while true granular soil deposits cannot.
4.4 Layered Soil: Sensitivity of Measured Stiffness to the Ratio of ElfEz
The sensitivities of the roller-measured stiffuess using full dynamic analyses and
pseudo static analyses (kdand kps) with respect to the ratios of the stiffuess of the base and
subgrade layers (E]f E2) are shown in Figure 4.13 for the subgrades of 50MPa and 100
MPa and for h=0.10 rn, 0.20 m and 0.30 m. E]fEz was varied from 1 to 10 as in the
preceding simulations.
The results indicate a decreasing trend with increasing values of E]fE2• For
subgrades of E2=50 and 100 MPa, which are encountered in practice, kd is less sensitive
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to £1/£2 than kps for any value of £1/£2 and h. kdsensitivity reaches zero for £1/£2 values
of 6-8 for £2= I00 MPa and all h values meaning kd is insensitive to the change of £1/£2.
As discussed for k« and shown in Figure 4.10, this sensitivity is zero for h= 0.1Om and
0.20 m for the subgrade £2= 50 MPa at critical values of £1/£2 of 6-8.
The values of £2=50 MPa and 100 MPa have been selected, as discussed earlier,
to reflect medium and high stiffness soil encountered in the field and closer to real world
values. The next section will assess the combined influence of dynamic parameters such
as the damping, the density and also the top layer thickness. These results will be
compared to those seen in the field experimentation in Chapter 2 and also from the
numerical study in Chapter 3. The study will explore the influence of those listed
parameters on the measurement depth or the depth at which the drum measured stiffuess
does not depend on the bottom layer. The composite stiffness of the layered system will
therefore will not vary with the increasing top layer thickness and the system will behave
as a half space of £1.
4.5 Layered Soil: Influence of Dynamic Soil Parameters
The impact of the intrinsic damping is studied by selecting different combinations
of a and 13parameters. The influence of density and h is also characterized. The results
presented in Figure 4.14 feature a case oflayered soil of £2=30 MPa and £1=60 MPa with
the top layer thickness h varying from 0 (halfspace situation) to 1.40 m in steps of 0.1Om.
Three scenarios are considered in the study. The choice of £1 and £2 is performed to
ensure full contact conditions while h=1.2-1.4 m represents the depth of influence of 9T
rollers (Rinehart and Mooney 2009b). Firstly, the damping (a=20 S·I, 13=0.002 s) and
density (2000 kg/nr') are identical and constant in both layers. Secondly, the density is
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maintained identical and constant (2000 kg/nr') in both layers while new damping values
are computed based on the values of the elastic moduli in both layers. Those values for
the top layer and subgrade are (u=300 S·l, [3=0.008 s) and (a=20 S·l, [3=0.004 s). Lastly,
the values of density and damping are different in the base (a=300 s-I, [3=0.008 s) and
the subgrade (a= 20 s·l, [3=0.004 s). The base material has a density of2100 kg/m ' versus
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Figure 4.14: Stiffuess for various damping
kd increases with increasing top layer thickness for £2=30 and £2=70 MPa and
levels off at h = 1.2-1.3 m in both cases. The values of kd appear to decrease slightly at h
= 0.10-0.20 m due to a difference in damping properties between the layers. When the
same damping and density is considered for both layers, kd constantly increases with
increasing h. This finding regarding the influence of h on the stiffness suggests that the
measurement depth, or the depth beyond which the stiffness remains constant, does not
depend on soil characteristics but rather on roller characteristics. These roller
characteristics include namely the static weight and the eccentric moment m.e.: Those
results agree well with the experimental results provided by Rinehart and Mooney
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(2009b) and the numerical results obtained in chapter 3. The difference in density does
not appear to affect the response. The final value of kd is slightly less with higher
damping as more energy is dissipated with higher damping. Additional parametric
results including the influence of frequency and eccentric moment variations on the
dynamic response can be found in Appendix C.
4.6 Conclusions
A finite element (FE) model was developed to simulate vibratory drum interaction
with layered soil. Both dynamic and static FE analysis was performed using Abaqus
Explicit and Implicit (Standard), respectively. The FE model was calibrated with
experimental force-displacement data. A series of finite element analyses were performed
to study the differences in predicted roller-measured stiffuess values using dynamic and
pseudo static modeling procedures. The finite element models match the experimentally
measured field force-displacement loops fairly well despite simplifications including
linear elasticity and proportional damping. Severe loss of contact is not captured properly
in part because of the linearity assumption of the model and the soil-drum contact
modeling.
The rationale for the increasing trend of the dynamic over the pseudo static
displacement with respect to increasing soil stiffuess is clarified using a single degree of
freedom amplification response analogy. At high moduli values of E in the homogenous
halfspace situation and high values of E 1/E2 in layered soil situations (low E2 and high
E1), the system frequencies are mostly on the right end side of resonance and move
toward resonance with increasing values of E in halfspace or E 1 in layered situation. At
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resonance, the ratio of dynamic to static response IS high, which emphasizes the
importance of dynamic parameters and analysis procedures in modeling the vibratory
roller compactor system. The energy dissipation and resonance phenomenon in vibration,
which are not considered in the pseudo static analysis, appear to limit the increase of
stiffness at higher values of moduli.
The parametric study on the influence of the soil characteristics indicates that kd
increases non-linearly with halfspace E. In contrast with the pseudo static analysis, the
increase of kd with E levels off at about 100 MPa while kps in pseudo-static analysis
increased linearly with E in the same range of E (l0-100 MPa) examined.
The impact of layered media in dynamic analysis is different from the static
computation in two ways. First, at low to medium values of E] (=50 MPa), where FE
analysis shows kd values higher than kps. With increasing E2 values (lOOMPa), kps values
increase and become greater than kd• The second key difference between the static and
dynamic analyses as indicated by the results is that kd can become insensitive to E11E2
while kps is always sensitive to E11E2. The critical value of E11E2 above which kd is
insensitive to changes in E1 varies from 6 to 8. While the dynamic values of stiffness are
more accurate and should be preferably computed, the study has indicated that pseudo-
static values of stiffuess are conservative for subgrades moduli of E2=50 and 100 MPa.
The model predictions also agree well with previous numerical and experimental
research regarding measurement depth. This depth where the stiffuess only reflects the
top layer has been found to be in the 1.2 m-l.4 m range and mostly dependent on roller
parameters such as the drum mass, the eccentric force and the vibrating frequency.
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In modeling the interaction of dynamic loading with layered soil, the key
parameters to watch are the frequency and the material damping while the inertia forces
have shown to have minimal impact on the soil response. Further research should
include soil anisotropy, soil nonlinearity behavior and intrinsic damping modeling.




VIERA TORY DRUM RESPONSE ON SOIL USING ITERATIVE,
EQUIVALENT LINEAR DYNAMIC ANALYSIS PROCEDURES
The interaction between a vibratory roller and a layered soil system is a highly
nonlinear system, due to both nonlinear material properties of the soil and the loss of
contact between the roller drum and the ground surface. Recent research has shown that
the soil beneath the vibratory drum experiences a wide range of strain levels, resulting in
a spatially variable modulus (e.g., Rinehart & Mooney 2009a). This finding raises an
important question regarding the influence of stress-dependent modulus (i.e., nonlinear
soil behavior) on vibratory drum response. This issue is explored in this chapter through
FEA. A full nonlinear soil model is beyond the scope of this work. This study is limited .
to an iterative, equivalent linear model approximation ofthe nonlinear soil behavior.
This chapter presents a FEA study of vibrating drum response on a half space
with strain dependent elastic modulus and damping properties. This study builds upon the
FE model and analysis described in the previous chapter. In Chapter 4, a study was
performed on the influence dynamics on the roller measured stiffuess by comparing
layered soil dynamic and pseudo-static responses. This previous study yielded insight
into the contribution of the subgrade on the overall roller based stiffuess. As the subgrade
became stiffer, the study showed that the pseudo-static response increased, approaching
the dynamic response. However, the FEA approach with equivalent linear elasticity
ignored the influence of strain-dependent elastic and damping properties and their effects
on the displacement behavior of the system. Strain dependency of elastic and damping
80
properties in soil dynamics has been addressed extensively in the literature (e.g., ldriss et
al 1984, Rinehart et al. 2009, Mott and Wang 2010). Idriss and his team helped
developed shear modulus reduction curves with strain for both cohesive and cohesionless
soils. Mott and Wang (2010) studied the response of a structure under a lateral motion of
a granular soil, taking into account the strain dependence of stiffness and damping
properties through an iterative frequency domain formulation. Rinehart et al. (2009) used
boundary element analysis to develop stress paths indicating the nonlinear and
heterogeneity of soil properties under the vibratory drum.
This chapter documents the development of a FE model of vibratory roller/soil
interaction using the commercial FEA code Abaqus (Abaqus V9.2), where the nonlinear
strain dependence of the soil materials is approximated in the time domain through
iterative, equivalent linear analysis procedures. Initial soil properties under very small
strain levels were estimated and input in each element of the discretized homogeneous
media. New strain values were computed in Abaqus under the dynamic loading and used
to update elastic and damping properties. The process was iterated until convergence of
the elastic and damping properties. The model response at convergence was compared
with results obtained from a previous study on linear soil and with experimental results
from' field instrumented vibratory roller operated on homogeneous soil conditions. The
equivalent linear iterative approach is a total stress approach - that is, it does not consider
effective stresses or the three phase nature of soil materials. Therefore, the three phase
soil is modeled as a fictitious, homogeneous and continuum material. Despite the
approach limitations including the proportional damping and the equivalent linear
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method, the results provide insights as to the importance of soil nonlinearity on roller
measured stiffuess.
5.1 Nonlinear Soil Properties
Soil properties to consider include the low strain shear modulus Gmax, normalized
shear modulus reduction curve G/Gmaxo material damping ratio ~, dry density p,
Poisson's ratio v and shear wave velocity Vs Vs is determined by seismic methods (e.g.,
Luna and Jadi 2000). Density is measured using traditional geotechnical testing methods,
including the nuclear gage described in Chapter 2. Knowing Vs and p, Gmax can be
determined according to equation (5.1). Emax follows per equation (5.2).
2Gmax = pVs (5.1)
Emax= 2Gmax (I+v) (5.2)
The normalized curves G/Gmax have been developed in the literature for many
soils including sands (e.g. Seed et al. 1984, Ishihara 1996, Elgamal et al. 2005) and
gravels (e.g. Rollins et al. 1998). In this work, the so called hyperbolic model (Ishihara
1996) shown in Figure 5.1 was selected for simplicity.
For a given soil, it is preferable to developed normalized curves for shear stress
reduction and damping ratio increase based on field tests. This approach will yield better
results than the simplified model picked from the literature.
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Developing those normalized plots is beyond the scope of this work and could be
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Figure 5.1: Normalized shear and damping ratio curves adapted from Ishihara (1996)
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The damping coefficients a, ~ and the damping ratio S were modeled such as
a{J = 4~2 (5.5)
where G is the shear modulus, y is the shear strain, r'4 is the reference shear strain, S is
the damping ratio, E is the elastic modulus and a, ~ are the Rayleigh damping coefficients
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discussed in Chapter 4. The selected values of the parameters used in the simulation are
summarized in Table 5.1 and are discussed in the sections below.
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5.2 Finite Element Model
The same FEA model described in Chapter 4, including infinite elements, the
model size (4m x 2m) and damping parameters, was used for this study. An element size
of 100mm was used given run time constraints.
A previous study compared FEA model response for 20mm and 100 mm element
sizes found the difference in computed dynamic stiffuess to be less than 10% (see
Appendix C).
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5.3 Computation Flow Chart
The iterative equivalent linear soil model considered in this chapter is described in
detail in the literature (see e.g., Kramer, 1996). Here only a short summary of the
procedure used in the computation is provided.
Initial soil properties at low strain values are input in the model. New strain values due to
the prescribed loading in the media are computed. The elastic moduli and the damping of
the medium are updated based on the new strain values and reinjected in the model.
These operations are continued until the decay of the moduli is within a predefined
threshold.
A script linking Matlab to Abaqus was developed to implement the equivalent
linear soil model according to the flow chart in Figure 5.2. Values of parameters in Table
5.1 were assigned at the initial step. The process was repeated until the difference in these
values of damping ratio and normalized shear was below the defined threshold of lO%.
At convergence, occurring typically after 8 iterations, the modulus, strain and damping
maps show the spatial distribution of these soil characteristics beneath the roller. The
initial parameters depend on the soils considered in the simulation.
The value of density retained here was measured from the field (see 2.3.2). In the
absence of actual shear wave velocity measurements, the values of Gmax = 50 MPa and
100 MPa were selected to reflect medium and stiff soils encountered in earthwork
compaction. The Poisson's ratio variation has more influence on the dynamic than on
static results (e.g., Schepers et al. 2010). For the range of soil values of 0.20 and 0.35, the
impact on vertical deflection was found to be less than 10%. The computed strain value
in each element was used to update the shear and damping ratio values based on the
equations (5.2) to (5.5).
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The shear strain used in the model is the engineering shear strain. The shear strain
computed in Abaqus is multiplied by two to obtain the engineering shear strain
I. Input constant modulus
and damping ratio values
for each element in Abaqus
model.
2. Compute strain y via
Abaqus Explicit run
3. Update elastic modulus
and damping ratio based on
strain field and Eqs. 5.2-5.5
4. Repeat steps 2 and 3 until
convergence
Figure 5.2: Flow chart of the iterative equivalent linear model
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5.4 Results
To explore the influence of strain-dependent modulus and damping on drum-soil
interaction, two simulations were performed: (I) a half space with Emax = 100 MPa and
(2) a half space with Emax = 50 MPa. Em" is the value of the elastic modulus E at low
shear strain.
5.4.1 Elastic Modulus Distribution
The spatial distribution of E resulting from the FEA is shown in Figures 5.3 and
5.4 for Em•x values of 100 MPa and 50 MPa, respectively. Typically, convergence
occurred after 8 iterations and a run time of 4 hours. The lowest converged values of E
appeared immediately below the drum and were 20 MPa and 5 MPa for the above
mentioned values of Emax= 100MPa and 50 MPa, respectively. Additional maps showing
the evolution of soil properties are included in Appendix D. An inspection of Figures 5.3
and 5.4 suggests that the spatial distribution ofE is dependent on Em•x values. The softer
soil (Emax=50 MPa) exhibits greater modulus reduction compared to the stiffer soil
(Em•x=100 MPa).
The value of Em•x=50 MPa reflects a very soft soil and may not be a practical
value. This fact is seen with the very low E value of E=5 MPa obtained at the last
iteration resulting and the very high values of damping ratio that will be computed in the
next subsection.
These low values of E and high damping ratio have been computed with the
objective of implementing the concept. Actual soil properties including elastic modulus





















Figure 5.3: Spatial distribution of E for a halfspace with Emax=IOO MPa
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Figure 5.4: Spatial distribution of E for a halfspace with Emax=50 MPa
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5.4.2 Damping Ratio Distribution
The converged values of the material damping ratios, presented in Figures 5.5
(Emax=IOO MPa) and 5.6 (Emax=50 MPa) immediately beneath the drum were 0.30 and
0.45, respectively. Beyond the element immediately below the drum, I; ranged from 0.005















Fig, 5.5: I; distribution map for Emax=IOO MPa
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The I; values of 0.30 and 0.45 are considerably larger than those reported in the literature
(e.g., I;ma, =0.25, see Ishihara 1996). The value of Emax=50 MPa yielding a damping ratio
value of 1;=0.45 is considerably low and unrealistic. Actual field values of Emax should be
















o 500 1000 1500
x (mm)
Fig. 5.6: ~ distribution map for Emax=50 MPa
The high values of ~ are consistent with those predicted by the hyperbolic model used in
this study and where the maximum damping ratio is 0.637 (=2/11:).
5.4.3 Strain Maps
The strain maps in Figures 5.7 (Emax=100 MPa) and 5.8 (Emax=50 MPa) indicate
final peak values ofy= 0.035% and y =0.14%, respectively and directly beneath the
drum. Note that the map scale on both figures has been modified to properly show the
distribution of strain.
The maximum strain values have been set to a third of the actual values to isolate
the elements right underneath the drum who undergo the highest strain.
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Figure 5.7: Distribution of shear strain for Emax=100 MPa.
Highest strain is 0.035% under the drum.
The trends conveyed by the strain maps agree with previous observations. The
highest strain values observed in softer soil was also expected as a softer soil is expected
to deform more than a stiffer soil. As predicted by the soil behavior in Figure 5.1, the
damping ratio increases with increasing strain. Additional soil properties computed maps
are shown in Appendix D for Ema,=lOO MPa.
The decision to output maps properties for Emax=l 00 MPa is based on the fact
this value of E at very low strain yield final values of E and damping ratios that are
acceptable and comparable to values in the literature. The converged results obtained
with lower values of Emax (e.g., Emax= 50 MPa) are unrealistically low for E and the
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Figure 5.8: y (%) distribution map for Ema,=50 MPa. Highest strain is 0.14% under the
drum.
To confirm the validity of the shape ofthe shear strain and elastic modulus
distributions observed here, an analytical solution using Boussinesq's elastic theory
(1885) was developed. The shape of the contours ofthe shear stress, which is
proportional to the shear strain in linear elasticity, is shown in Figure 5.9 agrees well with
those contours found using the equivalent linear analysis. These results indicate shear
stress, shear strain and elastic modulus contours along the diagonal at 45° with the
horizontal axis. Figure 5.10 shows the contour for Emax= 50 MPa after the first iteration.
It is worth noting that only the shapes are compared and not the actual values as different
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Figure 5.10: E (MPa) contours after the first iteration for Emax=50 MPa
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5.4.4 Force-Displacement Loops
To explore the influence that nonlinear soil behavior has on drum response, force-
displacement loops from FEA with linear and nonlinear soil behavior were compared.
Figure 5.11 shows the comparison oflinear analysis with E= 100 MPa with nonlinear
analysis for Emax=100 MPa. The linear response was computed assuming constant values
of E=Emax and with the initial values of damping coefficients in Table 5.1. A comparison
of Fe and Zdfor Emax=100 MPa and Emax=50 MPa is provided in Table 5.2.
The results indicate that modulus reduction has a significant influence on drum
response. For the nonlinear behavior with Emax=100 MPa, Fe and Zdare 27% and 15%
lower than their respective counterparts from analysis with linear soil behavior. This
difference is more pronounced for nonlinear soil behavior with Emax=50 MPa where Fe
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Figure 5.11: Force-displacement loops for
Emax= 100 MPa
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Table 5.2 Comparison between equivalent linear and linear elastic soil response
E- 50 Emax=50 Difference E-IOO Emax-IOO Difference
(MPa) (MPa) ('Yo) (MPa) (MPa) ('Yo)
r,(kN) 118.6 80.6 47 163.3 128.4 27
zd(mm) 1.21 0.97 25 1.42 1.23 15
Figure 5.9 shows the comparison offorce-displacement loops from FEA assuming
nonlinear soil response (Em,,=IOO MPa) with field data. The results indicate that a fairly
good match for the nonlinear model with field data was found for Emax= I 00 MPa.
Recalling from chapter 4, the field data in the subgrade was matched for E=70 MPa (see
Fig. 4.5a) and is shown here side by side for comparison.
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Figure 5.12: Force-displacement loops from field and
for Emax=IOO MPa (Left) and E=70 MPa (Right)
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5.5 Conclusion
An iterative equivalent linear model has been implemented to study and compare
the vibratory roller response oflinear and nonlinear soil models. The soil characteristics
maps indicate the significant degree of heterogeneity of the soil properties under the
drum. The nonlinear response is dependent on the initial or low strain values of stiffuess
of the media considered.
The lowest values of E and the highest values of strain or damping are located
directly under roller drum. The comparison of soil response from a linear and equivalent
linear model suggests that the linear model produces higher values for the soil
characteristics. The difference in the prediction of soil response is more pronounced for
softer soils. The linear model response, although less precise and not reflecting the
heterogeneity of soil properties under the drum is faster and simpler.
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CHAPTER 6
GENERAL CONCLUSIONS AND RECOMMENDA nONS FOR FUTURE
RESEARCH
This chapter summarizes the main conclusions of each part of this work and
suggests directions for further research.
6.1 Conclusions
The findings of the experimental study have a number of implications. The
stiffuess sensitivity to the top layer depends on the thickness of this top layer and also the
stiffuess ratio between the overlaying and underlying layers. The stiffuess measurement
alone cannot be used to determine/assess compaction of thin layers and additional
measurements such as in-ground stress/strain sensors and spot tests are needed to
determine the compaction of thin layers.
Good agreement was found between the Hertz theory predictions and the
developed model results regarding contact width. The field contact width profile agrees
reasonably well with Hertz predictions for granular (stiff material). The shape of contact
area in clay situations (soft) did not match Hertz predictions. The difference in the case of
clay (soft material) can be attributed to the low elastic modulus of clay which generates
higherdeformations that violate one of Hertz assumptions, Hertzian theory is only valid
when small deformations are allowed. The implication is that the drum-soil contact
problem can reasonably be modeled as a plane strain problem (i.e., 2D) for stiffer
materials while softer material may require 3D analysis.
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The BEM analysis has shown that for the range of layer parameters commonly
encountered in earthwork practice, drum-measured soil stiffuess always reflect both
layers. The relative contribution of the underlying layer to k exceeded the contribution of
the top layer. The results also indicated that k proved to be less sensitive to compaction of
the upper layer (i.e., as represented by an increase in E1/E2) when E2 and hi were small
(i.e., for softer subgrades and for thinner lifts). The relative contribution of the upper
layer to the composite stiffuess increased as E2 and h, increase.
The study indicated that critical levels of EdE2 exist above which k will be nearly
insensitive to further compaction. For El/E2 greater than about 4, 6, and 7, k is nearly
insensitive to further compaction for h1=0.1, 0.2 and 0.3 m, respectively. These critical
values of E1/E2 could exist from the onset of compaction in the case of a stiff base
material placed over a soft subgrade, or could be reached as compaction of the upper
layer progresses. In either case, these results indicate that the efficacy of the instrumented
roller as a QC/QA tool for the compaction of thin stiff layers atop softer subgrades is
compromised.
The LWD-determined moduli used in the BEM model has led to contact widths
lower than the field measurements. These differences (which were large in some cases)
can be likely attributed to the constant modulus assumption of the BEM model compared
to the stress dependent soil modulus encountered in the field, the uncertainty in the field
measurement of the contact width, soil plasticity, and the granular nature of the soil
compared to the continuum-based BEM model.
To study the influence of dynamics and damping properties on layered soil
response as measured by the roller, namely the stiffness, a simple model using FE
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commercial code ABAQUS has been developed. The developed model captures the field
force-displacement loops fairly well despite simplifications including linear elasticity and
proportional damping. Severe loss of contact is not captured properly in part because of
the linearity assumption of the model and the soil-drum contact modeling.
The parametric study on the influence of the layered soil characteristics indicates
that kps increases nonlinearly with E, E]fE2 and h. In contrast with the pseudo static
analysis performed using BEM, the increase of kd with E levels off at about 100 MPa
while k« increased linearly with E in the same range of E (10-120 MPa) examined.
The energy dissipation, not accounted for in the pseudo static analysis, appears to
limit the increase of stiffness at higher values of E. The impact of dynamics in layered
media is different from the static computation in two ways. First, at low to medium
values of E (=50 MPa), where FE analysis shows kps lower than kd• Increasing values of
E2 cause an increase of natural frequency, the ratio of forced to natural frequency
therefore decreasing the impact of dynamics compared to a static response. The second
key difference between the static and dynamic analyses as indicated by the results is that
kps levels off much sooner with the FEA. EIfE2 critical. above which kps is nearly
insensitive to E I is 7 for the BEM and about 3 for the FEA suggesting much lower levels
of compaction than predicted by the static analysis. This observation is more closely
related and consistent with field observations.
The model predictions agree well with previous numerical and experimental
research regarding measurement depth. This depth where the stiffuess only reflects the
top layer has been found to be in the 1.2 m-l.4 m range and mostly dependent on roller
parameters. The linear model shows a decrease of stiffness with increasing eccentric
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mass m.e; as observed in the field. The density has little impact on the stiffness compared
to the damping. The role of frequency appears not to be critical in the range examined
because of the impact of frequency on both the force amplitude and the phase. In
modeling the interaction of dynamic loading with layered soil, the key parameters to
watch are the frequency and the damping while the inertia forces have shown to have
minimal impact on the soil response.
The influence of soil nonlinearity has been approximated with an iterative
equivalent linear model implemented. The soil characteristics maps indicate the
heterogeneity ofthe soil properties under the drum. The stress distribution contour maps
were found to match those predicted by the Boussinesq stress distribution. Those
characteristics are more spread in the case of permanent contact between the drum and
the soil. The nonlinear response is dependent on the initial values of stiffness of the
media considered. The lowest values of E and the highest values of strain or damping are
located under roller drum. The comparison of soil response from a linear and nonlinear
model suggest that the linear model over predicts the soil characteristics. The linear
model response, although less precise and not reflecting the heterogeneity of soil
properties under the drum is faster and simpler.
Nonlinear response shows dependency on soil initial properties. Therefore
knowledge of soil initial properties through adequate testing is essential for an accurate
determination of final soil properties.
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6.2 Future Research
One potential limitation of this study lies with the continuum-based approach
used in the computation of layered soil response to the vibratory loading. Future research
should explore the possibility of examining models that address the granular nature of
soils, particularly in the contact zone. The need for fast and accurate results in the
characterization of the interaction between vibratory roller and layered soil warrants
further research. In the computation of soil vertical deflection, Finite Element Methods,
while more accurate, are time consuming and may not be practical for field predictions.
Coupling with Boundary Element Method could reduce the run time by only focusing on
remote elements of the models. Soil nature is granular and has been treated throughout
this study as continuum for simplification. To account for the discrete nature of soil, the
use of Discrete Elements Methods and more advanced constitutive models could be
explored. Additional research could consider 3D models instead of the plane strain 2D
models considered in this study. The interaction of the 2m long roller drum with layered
soil could be better and fully characterized using a 3D approach.
An important aspect in the mechanics of contact between the drum and the soil is
to ensure accurate measurement techniques of the drum print on the soil or any other
media considered. The spray paint technique used in this study is simplistic and should be
improved with more advanced technological devices to provide a precise measurement
profile of the contact area between the drum and the media. Such precise measurements
are essential in contact mechanics research to help extract medium properties based on
the contact profile and also in an attempt to extend contact mechanics theory to non-
Hertzian applications.
!OI
Further work is needed in the modeling of damping properties involving multiple
layers systems. The objective of such a study could be a better characterization of the
overall damping properties oflayered situations based on individual layers damping
properties. The iterative equivalent linear model discussed in this work was limited to a
half space situation. Further research could extend the study to a layered situation and
examine the influence of the layers characteristics on the soil properties distribution.
Development of a complete nonlinear to be integrated in a user defined material
subroutine could overcome the limitations of the simple equivalent linear model used in
this work and in the literature. Field measurements aimed at collecting the actual soil
properties could lead to more accurate inputs in those developed forward models and lead
the way to robust inverse models capable of predicting soil properties from roller based
stiffness.
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LIST OF ABBREVIATIONS AND SYMBOLS
Abbreviations
CCC: Continuous Compaction Control
QA: Quality Assurance
QC: Quality Control
MY: Roller based Measurement Value
BEM: Boundary Element Method.
DEM: Discrete Element Method
FEAlFEM: Finite Element AnalysislMethod
FDM: Finite Difference Method
LWD: Light Weight Deflectometer
FL: Florida State
NC: North Carolina State
DOF: Degree of Freedom
Symbols
ELWD: Modulus provided by Light Weight Deflectometer
mf frame mass
Zf(t) : frame vertical displacement
kdj: drum- frame stiffuess
Cdj: drum-frame damping coefficient
md : drum mass
Zd(t): drum vertical displacement
F(t) : eccentric force on drum
Fe" : eccentric force amplitude
zsCt): soil vertical displacement
m.e.: eccentric mass on drum
k: soil stiffuess
c: soil damping coefficient
Q , w: roller forcing circular frequency in radian per second
f forcing frequency in Hz
fa: natural frequency in Hz
g : acceleration of gravity
Zd,mox: drum maximum drum displacement
Zstot: static drum displacement
Fc"dmax: contact force at the maximum drum displacement Zd,mox
Fstat: static force (weight) causing a static drum displacement Zstot
kd: Dynamic composite stiffuess
ps :maximum contact pressure
x : position along the horizontal axis
p(x) :contact pressure distribution along the horizontal axis
Ld : drum length
a : half the contact width
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Symbols (ctd)
ainU: Initial half the contact width
iJF: difference between the maximum contact force and the static contact force
Femax : maximum contact force
Festal: static contact force
iJw : difference in displacements under the center of the drum due to maximum and static
contact forces
Wmax: displacement due to maximum contact force
WSial: displacement due to static contact force
E: Elastic modulus of top layer (I) and bottom layer (2)
v: Poisson ratio of top layer (I) and bottom layer (2)
L: Model length
h: Top layer thickness(l) Bottom layer thickness (2)
k: soil stiffuess
kinU: Initial soil stiffuess
c: soil damping coefficient
R: drum radius
Wj: vertical displacement of the last loaded element under the drum.
a*: newly calculated value of contact width in a BEM iteration.
k* : newly calculated value of soil stiffuess in a BEM iteration
kn: normalized value of stiffuess to the subgrade value
an normalized value of contact width to the subgrade value
k,-e': Relative contribution of the top layer to the overall stiffuess




o, 13: damping coefficients
~: Damping ratio
~n : modal damping ratio,
COn: modal natural frequency
kps: pseudo-static stiffuess
G max: shear modulus at low strain
Emax: shear modulus at low strain
G: shear modulus
y: shear strain value
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Figure A2: ELWD (left) and Evib(Right) variations with passes in NC CS 1 Test bed
Showing insensitivity to passes
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Figure A3: Strain (left) and Stress (right) variations with passes in NC CS I Test bed
Top: Total Middle: Peak to Peak Bottom: Cyclic. Total stress and strain include the
static weight. Peak to peak stress and strain only considers the detrended time histories
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Figure AS: ELWD (left) and Evib(right)variations with passes in NC
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Figure A6: Strain (left) and Stress (right) variations with passes in
NC CS 2 Test bed. Top: Total Middle: Peak to Peak Bottom: Cyclic
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Figure AS: ELWD(left) and Evib(Right) variations with passes in NC CS 3
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Figure A9: Strain (left) and Stress (right) variations with passes in
NC CS 3 Test bed. Top: Total Middle: Peak to Peak Bottom: Cyclic
Stress values decreasing and strain values increasing with depth.
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Figure A 10: CS 4 Test bed build up in NC and sensors placement
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Figure All: ELWD (left) and Evib(Righ1)variations with passes in NC CS 4
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Figure A12: Strain (left) and Stress (right) variations with passes in NC
CS 4 Test bed. Top: Total Middle: Peak to Peak Bottom: Cyclic
Stress values decreasing and strain values increasing with depth.
Stress in base much higher than in subgrade.
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Figure A14: ELWD (left) and kd(Right) variations with passes in
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Figure A15: LR 2 Test bed build up in FL and sensors placement
110 ,----,,-----~---~--___,,,, , ,
100 ------r------,------,------, , ,
: : ~












100 - - - - - + - - - - - {- - - - - -t- - - - --
, , ,
90 - __- - - ... - - - - - ...j - - - - - -1- - - - - -
, , ,
, , ,
80 - - - - - .,. - - - - - -; - - - - - -,- - - - - -
, , ,
70 - - -- - +- - - - - -:- - - - - -:- - - - --, , ,
60 - 1. __ - __ -, __ - - - _1- _, , ,, , ,
50 - - -- -.- - - - - -1- - - - - -1- - - - --, , ,
40 1----~':_ __ ...;' ~'__ ___1
o 6 82 4
Pass
Figure A16: ELWD (left) and kd(Right) variations with passes in FL LR 2 Test bed
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Figure A18: ELWD (left) and kd(Right) variations with passes in FL LR 3 Test bed
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Figure A20: ELWD (left) and kd(Right) variations with passes in FL LR 4 Test bed
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Figure A21: Evib variations with passes in NC CS 1 Test bed
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Figure A22: EVib variations with passes in NC CS 3 Test bed
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Figure A23: Evib variations with passes in NC Test bed CS 4
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Figure A24: kd variations with passes in FL Test bed LR 1
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Figure A25: kd variations with passes in FL Test bed LR 2
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Figure A27: Detrended cyclic stress for Pass 1 in CS 1. The detrending is performed
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Figure A32: Detrended cyclic stress for last pass (Pass 6) in CS 2
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Figure A34: Detrended cyclic stress for last pass (Pass 5) in CS 4. Note that vertical
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Figure B3: BEM Vertical displacement profile under the load for L=lOm
and depths of 5 m and 8 m
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Figure B4: Vertical strain profile with depth for L=IOm
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II. ITERATIVE APPROACH ROBUSTNESS
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Figure B5: Convergence of2a for several initial values ainit
Various initial values of 2ainit lead to the same final value of 2a
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III. BEM AND FEM COMPARISON
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Figure B6: Direct comparison of trends between BEM and Dynamic FEM for varying
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Figure B7: Direct comparison ofw between BEM, Dynamic FEM and HERTZ.
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Figure B8: Direct comparison of2a between BEM, Dynamic FEM and HERTZ.
Model size IOmx5m; Fc=170 kN; nu=0.25
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Figure CI : Force-displacement loops variations with mesh size, E1=70 MPa
Uniform mesh with height> width.
Table C I: Influence of element size on contact force, drum displacement and roller
measured stiffness. For this analysis, the FE model size was held constant (4 m wide
by 2 m deep). The FE model was a uniform halfspace with E = 70 MPa,
alpha = 20, beta=0.002 , Poisson's ratio = 0.35.
Mesh size(mm) Fe (kN) Zd (mm) k« (MN/m) kd variation (%)
10 152.2 1.38 60.3 0
20 139.2 1.31 53.8 10.8
30 144.4 1.33 57.0 5.5
50 144.9 1.37 55.8 7.5
80 151.1 1.39 59.3 1.7
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Figure C2 : Force displacement loops variations with model size, EI~70 MPa
Model depth set to half length to maintain a ratio of length over depth of two.
For this analysis E =70 MPa was maintained constant, the damping constantalpha=20
and beta= 0.002 were also maintained constant. The results are summarized in Table C2
below.
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Figure C3: Finite versus Infinite Elements ratios of kd ,Zd and Fe for E=70Mpa.
This analysis looks at the ratios of stiffnee.verticaldeflection and contact provided by a
finite element model versus an infinite element model. E was maintained constant at 70
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Figure C4: Force-displacement loops on halfspace for varying a and constant p.
EI= 40 MPa; p= 0.0001 s. Damping parameter was varied from 0 to 100 S·I in
steps of 20 S·I.
Results are summarized in Table C3 below.
Table C3: Stiffness values on halfspace for varying a and constant p
a values (S·I) p values (s) kd(MN/m) kd standard
deviation(MN/m)
0 0.0001 34.2 0.36
20 0.0001 35.7 0.37
40 0.0001 36.9 0.39
60 0.0001 37.9 0.41
80 0.0001 38.8 0.42
100 0.0001 39.6 0.45
Increasing a increases stiffness for these very low values of p
The shape of force displacement loop is longer and expanding along the bigger axis.
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Figure C5: Force-displacement loops on halfspace for varying exand constant 13.
EI= 50 MPa; 13= 0.002 s. This analysis is similar to the previous one with a difference in
the constant value of the beta parameter which is higher than before.
-05
Results are summarized in Table C4 below.
Table C4: Stiffuess values on halfspace for varying exand constant 13
exvalues (S·I) 13 values (s) kd(MN/m) kd standard
deviation(MN/m)
20 0.002 41.3 0.36
40 0.002 41.8 1.22
60 0.002 42.4 1.23
80 0.002 43.1 1.24
100 0.002 43.7 1.24
Increasing exincreases stiffuess for these high values of 13
The shape offorce displacement loop is longer and expanding along the bigger axis.





















Figure C6: Force-displacement loops on halfspace for varying p and constant a.
EJ= 50 MPa; a= 20 S·I. This analysis on halfspace E=50 MPa varies beta values for a
constant alpha parameter of20 s:'.
Fig. C6 indicates that an increasing p results in a decrease in stiffness as there is more
energy dissipation. The results also show noticeable change occurring along the small
axis of the force-displacement loop
Table C5: Stiffness values on halfspace for varying p and constant a
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Figure C7: stiffness on halfspace and layer for varyingfand constant m.e;
m.e,» 4.25 kgm. For a constant value of moe», the analysis computes various stiffnesses
for different frequencies both on a halfspace and for layered situation.
From 25-35 Hz slight increase of stiffness with frequency on half space
For low frequency in 25-28Hz range, stiffness decreases with frequency on
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Figure C8: Stiffness on halfspace and layer for varying m.e; and constant!
.F 30 Hz; Different stiffness values are computed for a single frequency f=30 Hz and
different m.e; values.
Fig. C8 shows the decrease of stiffness is more pronounced on layered soil than
on half space.
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Figure C9: Fe for varying E on halfspace. Shows an increasing contact force on half
space with increasing E.

























































Table C6 shows natural frequencies output up to 50 Hz and indicates an
Increases of natural frequencies with E I for the same val ue of E2
The fundamental compression mode and frequency are retained for modal analysis as
more likely to happen in the field although the analysis considers soil as continuum
accepting limited tension.
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APPENDIX D (ITERATIVE EQUIVALENT LINEAR MODEL)


















Figure DI: E Map for Emox=1 00 MPa variation after the first iteration.























































Figure D4: E Map for Emax= 100 MPa evolution after the fourth iteration
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Figure D8: Final E Map for Emax=lOOMFa after the eight iteration
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Figure D21: Shear strain map for Emax= 100 MFa after the fifth iteration




















Figure D22: Shear strain map for Emax= I 00 MFa after the sixth iteration









































Figure D24: Shear strain map for Emax=100 MPa after the eighth iteration showing y (%)
up to 0.001
Final value 0.035% under the roller.
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